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Mesoscale eddies are ubiquitous in the World Ocean and dominate the energy content on
subinertial time scales. However, due to a lack of in situ data from the deep ocean, most
previous work has focused on signals near the sea-surface, that is, the signals of mesoscale
eddies in the deep ocean and their influence on the deep ocean dynamics have not yet
been intensively studied. In this thesis, the connections between mesoscale eddies and deep
ocean dynamical processes, including low-frequency flows, internal waves and ocean mixing,
are examined using observations from a collection of moored instruments located near the
crest of the East Pacific Rise (EPR) between 9◦ and 10◦N. First, the relationship between
mesoscale eddies and subinertial flows in the deep ocean over the EPR were examined.
The subinertial velocities at depth are significantly correlated with geostrophic near-surface
currents, which are dominated by westward-propagating mesoscale eddies. It is concluded
that the subinertial velocity near the EPR crest is a super-position of velocities associated
with eddies propagating westward across the ridge and “topographic flows”. Second, the
relationship between subinertial flows and internal waves were investigated. The observa-
tions reveal subinertial modulations of internal waves, particularly near-inertial oscillations
and internal tides. These subinertial modulations are highly correlated with the subiner-
tial flows in the deep ocean. Third, based on a finescale parameterization model, the deep
ocean diapycnal diffusivity over the ridge crest was estimated. The estimated diapycnal
diffusivity shows variation on the subinertial time scale. In particular, the measurements
imply a significant increase in diapycnal diffusivity near the seafloor during episodes of in-
creased subinertial flow. Fourth, combined with previous numerical and theoretical studies,
the observations imply energy transfer near the crest of the EPR from low-frequency flows,
including mesoscale eddies, to near-inertial oscillations, turbulence and mixing.
Considering the ubiquitousness of mesoscale eddies in the ocean, it is expected that the
circulation near other portions of the global mid-ocean ridge system is similarly dominated
by mesoscale variability and topographic effects. This is particularly important for dispersal
of larvae and geochemical tracers associated with hydrothermal sources that are found
primarily along the crest of mid-ocean ridges. Also, the observed eddy-modulated mixing
is expected to be useful for validating and improving numerical-model parameterizations
of turbulence and mixing in the ocean. Furthermore, since the frequency and intensity of
mesoscale eddies depend on the state of the climate, the observed eddy modulation of deep
ocean mixing connects climate change and climate variability to physical and biogeochemical
dynamics in the deep ocean and implies an unexplored feedback mechanism potentially
affecting the global climate system.
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Ocean flows are a combination of motions on a variety of spatial scales, such as the large-scale
circulation, mesoscale eddies, finescale processes and small-scale turbulence (e.g. Ferrari and
Wunsch, 2009). In terms of frequency, ocean flows can be divided into three main frequency
bands: 1) subinertial flows with frequency (σ) lower than the local inertial frequency (f =
2Ωsinθ, where Ω is the angular velocity of Earth rotation and θ is latitude); 2) internal waves
with frequencies higher than f but lower than the local buoyancy frequency (N), including
near-inertial oscillations (σ ≈ f) and internal tides, 3) small-scale turbulence with frequency
higher than N . Energy in the ocean is believed continuously exchanging among motions of
different temporal and spatial scales (e.g. Wunsch and Ferrari, 2004; Ferrari and Wunsch,
2009). Although many mechanisms on the energy exchange, such as the inverse cascade
from mesoscale to large-scale processes and the conversion from barotropic to baroclinic
tides, have been revealed, there are still many open questions (e.g. Munk and Wunsch,
1998; Wunsch and Ferrari, 2004; Ferrari and Wunsch, 2009). This thesis will focus on
one of these open questions: how the energy cascades from mesoscale eddies to small-scale
processes, specifically over a mid-ocean ridge–the East Pacific Rise. The energy cascaded
to the small-scale processes will sustain the deep ocean mixing, which plays an essential
role in maintaining the meridional overturning circulation (e.g. Munk and Wunsch, 1998;
Wunsch and Ferrari, 2004) and in modulating the transport of carbon, oxygen, nutrients as
well as other biogeochemical matters (e.g. Sarmiento and Gruber, 2006).
An important topic of this thesis concerns subinertial flows in the deep ocean. On
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subinertial time scales, ocean kinetic energy is dominated by mesoscale (geostrophic) eddies
(e.g. Ferrari andWunsch, 2009), which are universally revealed in sea-surface height anomaly
(SSHA) data and commonly associated with horizontal scales of O(10)–O(100) km (e.g. Fu
et al., 2010). Because mesoscale eddies play an essential role in transporting heat, salt
and chemicals in the World Ocean, they have been a primary topic of oceanography since
their first discovery in the early 1960s. In the past fifty years, a considerable amount of
knowledge about mesoscale eddies has been gained, especially since the advent of satellite
altimetry in the 1980s. At present, with the combination of satellite data from different
altimeters as well as drifting floats, a global climatology map of mesoscale eddies has been
established (e.g. Chelton et al., 2011b). This climatology contains many characteristics of
mesoscale eddies, such as the population, polarity, intensity and nonlinearity as well as
kinetic properties, such as velocity and tracks of propagations (e.g. Fu et al., 2010; Chelton
et al., 2011b). Furthermore, the contribution of mesoscale eddies to the transport of heat,
salt and chemicals has also been investigated (Holloway, 1986; Stammer, 1998; Chelton
et al., 2011a). However, although progress has been made in understanding the energy
cascade of mesoscale eddies, due to the limited resolution of satellite data, current studies
mainly show the inverse energy cascade (from mesoscale to large-scale) while the forward
energy cascade from mesoscale to small-scale processes cannot be easily investigated with
the available satellite data. Also, since our knowledge of mesoscale eddies is mainly based
on satellite data, which only show features directly at the sea-surface, the understanding of
the vertical structure of mesoscale eddies is limited. As a consequence, the role of mesoscale
eddies in setting transport and mixing properties of passive and active tracers in the ocean
has mainly be addressed in the context of 2-D (Holloway, 1986; Stammer, 1998; Chelton
et al., 2011a), whereas their role in the third dimension, the vertical direction, has not yet
been intensively studied.
Another topic discussed in this thesis is ocean mixing, which is also a central theme in
physical oceanography. The concept of ocean mixing includes both isopycnal (horizontal)
and diapycnal (vertical) mixing. In the context of this thesis, unless otherwise noted the
term “ocean mixing” is shorthand for “diapycnal mixing” in the deep ocean. Ocean mixing
is crucial for understanding a variety of processes in the World Ocean. First of all, it plays
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an essential role in the vertical transport of heat, salt and thus, density (e.g. Munk, 1966).
So to better understand the spatial distribution of heat and salt, as well as their temporal
variations, knowledge on ocean mixing processes is required. Second, since ocean mixing can
affect the vertical transport of carbon, nutrients as well as other dissolved and suspended
chemicals, a better understanding of ocean mixing is also important for improving the study
of ocean biogeochemical dynamics. Third, numerical models are useful tools to investigate
and predict the ocean and climate systems. However, modelers have to deal with subgrid
processes which are not resolved directly and therefore need to be parameterized. Ocean
mixing is usually one of the important subgrid processes that need to be parameterized.
In addition, many studies suggest ocean and climate models are sensitive to the way ocean
mixing is represented in the models (e.g. Scott and Marotzke, 2002; Gnanadesikan et al.,
2004). Better parameterizations involving more physical understanding of ocean mixing may
significantly improve the skill of ocean and climate models. This, too, requires knowledge
about the physics of ocean mixing processes.
In the past decades a great deal of effort has been devoted to study ocean mixing
processes. In terms of observations, the studies on ocean mixing can be roughly divided
into two groups: direct measurements (e.g. Ledwell et al., 1986; Lueck et al., 2002) and
finescale parameterizations (e.g. Thorpe, 1977; Gregg, 1989; Polzin et al., 1995). The di-
rect measurements include ones based on microstructure profilers (e.g. Polzin et al., 1997)
and tracer release experiments (e.g. Ledwell et al., 2000). Direct measurements are much
more accurate yet very expensive to carry out, so there are only few data available. Due
to the scarcity of direct measurements of ocean mixing, methods were developed to esti-
mate ocean mixing based on finescale measurements of parameters, such as temperature,
salinity and velocity from CTD (Conductivity-Temperature-Depth) and LADCP (Lowered
Acoustic Doppler Current Profiler) measurements. Those finescale measurements are rela-
tively abundant and are sufficient to provide a sketchy global map of ocean mixing (Kunze
et al., 2006). Both the direct and indirect measurements reveal a spatial pattern of the
deep ocean mixing, namely, that the intense mixing is always associated with rough/abrupt
topography, strong tidal and/or geostrophic flows (e.g. Polzin et al., 1997; Ledwell et al.,
2000; Naveira-Garabato et al., 2004; Kunze et al., 2006). However, since microstructure
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profilers, CTDs and other profiling instruments usually can only provide snapshots of ocean
mixing and since tracer release experiments provide only temporally and spatially averaged
results, little is known about the temporal variability of ocean mixing.
To understand deep ocean mixing, especially its spatial and temporal variations, the
dynamical processes that provide energy for ocean mixing in the deep ocean need to be
investigated. Away from the sea-surface and sea-floor, internal waves are believed to be
the main energy source for mixing in the ocean interior (e.g. Polzin et al., 1997). So
what processes can generate internal waves that propagate into the ocean interior? At
present, two energy sources are usually suggested: winds and tides (e.g. Munk and Wunsch,
1998). When winds blow over the sea-surface, internal waves with frequencies close to
the local inertial frequency (f) are generated (e.g. Garrett, 2001). These waves are called
near-inertial oscillations. After being generated, wind-generated near-inertial oscillations
will initially propagate downward through the bottom of the mixed layer into the ocean
interior. Another suggested energy source for internal waves is the barotropic tides. When
tidal currents flow over rough/abrupt topography, internal waves will be generated (e.g. Bell,
1975b; Baines, 1982). Although part of the generated internal tides will be dissipated locally,
a major portion of the energy will be radiated away from the topography, especially those
internal waves with low-vertical-modes (e.g. St Laurent and Garrett, 2002). The generated
internal tides will initially propagate upward into the ocean interior. As those near-inertial
oscillations and internal tides are propagating through the ocean interior, energy will cascade
to small-scale turbulence through nonlinear wave-wave interaction and other scattering
processes (Ferrari and Wunsch, 2009). Then the cascaded energy will sustain turbulence
and ocean mixing in the deep ocean. Oceanic flows are associated with a variety of temporal
and spatial scales; if the interaction between barotropic tides and topography can generate
internal waves, how about other motions? Specifically, can subinertial motions, such as
mesoscale eddies, also generate internal waves and contribute to deep ocean mixing?
As mentioned above, subinertial flows are universally present in the ocean and are dom-
inated by mesoscale eddies. As a matter of fact, more than 90 percent of the surface kinetic
energy in the ocean is stored in mesoscale eddies (Ferrari and Wunsch, 2009). It is therefore
quite natural to expect possible connections between mesoscale eddies, internal waves and
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ocean mixing. However, although the influence of mesoscale eddies on internal waves has
been examined for many years (e.g. Frankignoul, 1976; Frankignoul and Joyce, 1979; Kunze,
1985; Rainville and Pinkel, 2006), due to the lack of suitable observations few studies have
tried to examine the potential impact of mesoscale eddies on ocean mixing directly. In the
Southern Ocean, Naveira-Garabato et al. (2004) found enhanced mixing over rough topog-
raphy. Since in the Southern Ocean tidal flows are weak but on the other hand, geostrophic
currents and eddies are deep-reaching and strong, the authors proposed that the inferred in-
tense mixing is associated with geostrophic currents, including mesoscale eddies. However,
since that study is based on snapshots of finescale measurements, spatial and temporal vari-
ability cannot be distinguished and the inference of a close relationship between mesoscale
eddies and ocean mixing remains tenuous. A possible connection between mesoscale ed-
dies and ocean mixing has also been investigated using analytical and numerical methods
(Nikurashin and Ferrari, 2010a,b). These studies indicate that through the interaction
between geostrophic currents and topography, energy can be transferred from geostrophic
currents, including mesoscale eddies, into near-inertial oscillations. Since in the ocean the
near-inertial oscillations are always associated with strong vertical shear, they can easily
break and supply energy to turbulence and ocean mixing. To the author’s knowledge, there
has been no direct evidence published supporting the analytical and numerical predictions.
All studies in this thesis are based on measurements from a set of moored instruments
deployed in the deep ocean over a segment of the East Pacific Rise (EPR) between 9◦
and 10◦N. The measurements were carried out under a NSF project named LADDER
(LArval Dispersal along the Deep East-pacific Rise). The primary objective of the LADDER
project is to investigate oceanographic and topographic influences on larval retention and
dispersal in hydrothermal vent communities along the crests of the global mid-ocean ridge
system (e.g. Mullineaux et al., 2008; McGillicuddy et al., 2010; Thurnherr et al., 2011).
Fortunately, the measurements obtained during the project not only accomplish the primary
objective (Adams et al., 2011) but also provide invaluable information on the regional deep
ocean dynamics, such as the deep ocean circulation (Thurnherr et al., 2011; Lavelle, 2012),
interactions of mesoscale eddies with the EPR (Adams and Flierl, 2010), and ocean mixing
(Thurnherr and St Laurent, 2011). The observation site of LADDER is located in the
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Figure 1.1: Schematic circulation in the eastern tropical Pacific reviewed by Kessler (2006)
(a) Schematic circulation from Wyrtki (1966). (b) Results based on modern data. The
legend at the right lists the names of currents and features in the east tropical Pacific.
Several question marks indicate regions where the interconnections among the currents
remain unknown. From: Kessler (2006).
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Figure 1.2: Signatures of eddies generated near the Gulfs of Tehuantepec and Papagayo
are seen in (a) sea surface temperature, (b) chlorophyll concentration, and (c) sea surface
height anomaly. The SST and color images are 8-day composites (10-18 February 2004)
from the MODIS instrument on board the Aqua satellite. The near real-time sea surface
height anomaly is from February 14, 2004. From: Willett et al. (2006).
8
eastern tropical Pacific, where the regional circulation has been studied in Wyrtki (1966)
and Kessler (2006) (Fig. 1.1). At the observation site (the EPR segment between 9◦ and
10◦N), analyses of observational and numerical results obtained during LADDER have
shown that the long-term mean flow is characterized by a westward drift of 0.5-1.0 cm/s
across the EPR axis (Thurnherr et al., 2011). This westward drift is part of the basin-scale
circulation and is consistent with the basin-scale helium distribution revealed in (Lupton,
1998). Along the ridge crest, there are ridge-parallel anti-cyclonically sheared mean flows,
the speed of which can be up to 10 cm/s (McGillicuddy et al., 2010; Thurnherr et al., 2011;
Lavelle, 2012). Different from the westward drift, these ridge-parallel sheared flows are part
of the regional circulation and only exist in the deep ocean very close (< 10 km) to the
ridge crest.
The measurements obtained during LADDER project are also suitable for investigating
the influence of mesoscale eddies on deep ocean dynamics, especially internal waves and
mixing. As shown in Fig. 1.2, intense subinertial variability has been revealed in the upper
ocean of the eastern tropical Pacific with satellite and in situ data (e.g. Miller et al., 1985;
Giese et al., 1994; Willett et al., 2006). This variability is usually divided into two groups:
one is at 5−7◦N and is identified as tropical instability waves (e.g. Perigaud, 1990), the
other is at 12◦N and is interpreted as anticyclonic eddies (e.g. Giese et al., 1994). Between
these two bands, Farrar and Weller (2006) find that both wave- and eddy-like motions
contribute to the observed subinertial variability near 10◦N. However, due to the limitation
of satellite observations, most previous studies focus on signals near the sea-surface, whereas
the subinertial variability in the deep ocean of eastern tropical Pacific has not yet been
intensively studied. If energetic subinertial variability exists in the deep ocean, it will not
only have potential impacts on internal waves and ocean mixing but also be able to affect
the transport of material released at hydrothermal sources as well as the retention of larvae
in the hydrothermal vent communities (Adams et al., 2011).
Another reason making the eastern tropical Pacific Ocean a suitable region for investi-
gating the influence of mesoscale eddies on deep ocean dynamics is the presence of the EPR.
A variety of dynamical processes have been revealed from previous measurements near mid-
ocean ridges. For example, observations of ocean currents from the Juan de Fuca Ridge
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in the northeast Pacific Ocean have revealed bottom-intensified subinertial flows (Thomson
et al., 1990; Allen and Thomson, 1993). Also, measurements in the deep ocean near the
Mid-Atlantic Ridge show enhanced mixing and this enhanced mixing is attributed to the
generation of internal tides over rough topography (Polzin et al., 1997). It seems reason-
able to assume that dynamical processes revealed in previous observations near mid-ocean
ridges, such as bottom intensified subinertial flows, generation of internal tides, reflection
and generation of near-inertial oscillations and enhanced ocean mixing, occur near the ridge
crest of the EPR as well.
To summarize, this thesis will address questions, including the followings, based on an
observational data set obtained through a set of moorings deployed in the deep ocean near
the ridge crest of the EPR:
• Are there intense subinertial flows in the deep ocean, especially over abrupt topogra-
phy like mid-ocean ridges?
• If so, what is the relationship between the subinertial flows in the deep ocean and the
mesoscale eddies revealed in SSHA data?
• Can other motions except barotropic tides, such as the subinertial flows in the deep
ocean, also generate internal waves and contribute to the deep ocean mixing? In other
words, can subinertial flows transfer energy to small-scale processes by generating
internal waves?
• Besides generating internal waves, can the subinertial flows in the deep ocean affect
internal waves in other ways? Are mechanisms the same for internal tides and near-
inertial oscillations?
• Is there temporal variation of ocean mixing in the deep ocean? If so, what is the
relationship between the temporal variation of deep ocean mixing and the subinertial
flows or mesoscale eddies?
This thesis will try to answer these questions in the following four chapters. Chapter 2
describes the spatial and temporal variations of the subinertial flows in the deep ocean
over the EPR and their relationship to mesoscale eddies revealed at the sea-surface. In
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chapters 3, the temporal variations of finescale processes and ocean mixing as well as the
relationship between these temporal variations and subinertial flows in the deep ocean
are investigated. Furthermore, a mechanism is proposed to explain the close relationship
between the modulation of ocean mixing and subinertial forcing. In chapter 4, the spatial
and temporal variations of near-inertial oscillations as well as the associated shear in the
deep ocean over the EPR are examined. Chapter 5 presents the spatial and temporal
variations of semidiurnal tides in the deep ocean over the EPR. Their relationships to
the subinertial flows, including mesoscale eddies, barotropic tides and bathymetry are also
examined and discussed in detail. Finally, chapter 6 summarizes the conclusions of the
thesis as a whole, discusses the implications of this work to physical oceanography, ocean
biogeochemical dynamics as well as climate research, and suggests several possible directions
for the future research.
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Chapter 2
Subinertial Flows in the Deep
Ocean near the East Pacific Rise
Published as:
Liang X. and A. M. Thurnherr. Subinertial variability in the deep ocean near the East
Pacific Rise between 9◦ and 10◦N. Geophys. Res. Lett., 38(L06606), 2011.
Abstract
The subinertial variability of deep-ocean currents near the crest of the East Pacific Rise
in the tropical East Pacific is examined using observations from a collection of moored
instruments augmented with sea-surface height data. The moored velocity observations
reveal low-frequency currents with characteristic time scales of 1–3 months and maximum
speeds up to 10 cm/s. Directly over the ridge axis, the subinertial motions are dominated
by the along-axial (meridional) velocities, which are coherent in phase and amplitude along
the entire length of the ridge segment between 9◦ and 10◦N. With increasing distance from
the ridge crest the low-frequency currents become weaker and less dominated by the along-
axial flow component. Lag-correlations between the velocity records indicate westward
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signal propagation with a speed on the same order as the speed of westward-propagating
sea-surface height anomalies, which are also associated with characteristic time scales of 1–3
months. As, furthermore, the subinertial velocities at depth are significantly correlated with
geostrophic near-surface currents estimated from sea-surface height data, we conclude that
the subinertial velocity field near the EPR crest is a superposition of velocities associated
with eddies propagating westward across the ridge and “topographic flows”, such as trapped
waves and boundary currents.
2.1 Introduction
Subinertial variability of the velocity field is ubiquitous around the world ocean and is
mainly dominated by the intraseasonal frequency band (20-150 days) (e.g. Stammer, 1997).
Since subinertial variability plays an important role in dispersing mass, heat and other
ocean tracers, gaining a better understanding of it is essential for investigating ocean cir-
culation and marine biogeochemistry. In the eastern tropical Pacific, subinertial variability
in the upper ocean has been revealed by satellite and in situ data (e.g. Miller et al., 1985;
Perigaud, 1990; Giese et al., 1994; Farrar and Weller, 2006; Willett et al., 2006). This vari-
ability is particularly pronounced in two latitude bands: one is at 5◦−7◦N and is dominated
by tropical instability waves, the other is centered at 10◦−12◦N and is dominated by anti-
cyclonic eddies (e.g. Giese et al., 1994). Using in situ and satellite data Farrar and Weller
(2006) show that both wave- and eddy-like motions contribute to the observed subinertial
variability near 10◦N. Due to a lack of in situ data from the deep ocean, most previous work
has focused on signals near the sea-surface, that is, the subinertial variability in the deep
eastern tropical Pacific has not yet been intensively studied.
The presence of the East Pacific Rise (EPR) adds complexity to the dynamics of the
subinertial variability in the eastern tropical Pacific Ocean. Palacios and Bograd (2005)
suggest that, due to the conservation of potential vorticity, the EPR can affect the intensity
and propagation of westward-propagating Tehuantepec and Papagayo eddies. Elsewhere,
observations near other mid-ocean ridges have revealed topographic effects on the ocean
dynamics. For example, Thomson et al. (1990) show that the bottom-intensification of
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subinertial flows observed over the Juan de Fuca Ridge are related to the ridge topography.
For this chapter, we analyze a velocity data set from current meters and McLane Moored
Profilers deployed close to the crest of the EPR segment between 9◦ and 10◦N (section 2.2)
and relate the velocity observations to sea-surface height data in order to examine whether
the subinertial variability observed in the upper ocean affects the deep eastern tropical
Pacific (section 2.3). In section 2.4, the observations are discussed.
2.2 Data and Methods
During a project called LADDER (LArval Dispersal along the Deep East-pacific Rise),
five current-meter moorings were deployed near the crest of EPR between 9◦ and 10◦N in
November 2006 and recovered in November 2007 (Figure 2.1). The array consists of two
flank moorings (EF and WF) and three axial moorings (NA, CA and SA). Each mooring
was equipped with an Aanderaa RCM-11 current meter recording velocities at 2450 m with
a sample interval of 20 minutes. These current meters on the axial and flank moorings
recorded velocities about 100 m and 500 m above the seabed, respectively. Additional
velocity observations at 2450 m were made by two moorings equipped with McLane Moored
Profilers (MMP) deployed on the western flank of the EPR (W1 and W3 in Figure 2.1).
Each MMP collected about three velocity samples at 2450 m per day. Due to ballasting
problems the MMP records are shorter than the current-meter records (W1: November
2006-August 2007; W3: November 2006-October 2007). For additional information about
the observations, refer to Thurnherr et al. (2011).
To examine the relationship between the upper- and deep-ocean variability, we also used
the multi-mission gridded sea-surface height anomaly (SSHA) data set from AVISO. The
horizontal resolution of the gridded SSHA data is 1/3◦ × 1/3◦ and the sample interval is
1 day. SSHA data are available for the entire sampling period of the LADDER mooring
array.
In order to investigate the subinertial variability, all velocity and SSHA data were low-
pass filtered with a fourth-order Butterworth filter with a cut-off frequency of 0.05 cy-
cles/day. Rotary spectra of velocities were calculated using the method of Mooers (1973).
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Figure 2.1: Topography of the EPR segment between 9◦ and 10◦N. Locations of current
meter moorings and McLane Moored Profilers are labeled with circles. Names of stations
are marked in the circles (current meter moorings: black; MMPs: red). The red star in the
inset shows the location of the study region.
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To determine the propagation of the subinertial variability, lag-correlations of the vector
currents were calculated using the simple regression method of Hanson et al. (1992).
2.3 Results
Low-pass filtered velocities recorded by the current meters and MMPs at 2450 m reveal
subinertial variability with characteristic time scales of one to three months (Figure 2.2).
Along the ridge crest, the low-frequency currents from the three axial moorings (NA, CA
and SA) are coherent in both phase and amplitude (upper panel of Figure 2.2a). Maximum
currents at the axial stations are about 10cm/s and the ratio of the rms cross-axial (zonal)
to along-axial (meridional) velocities is about 1/2 in all three records. In the cross-axial
direction (lower panel of Figure 2.2a), the low-frequency currents from CA and W1 are
highly correlated, as are the velocities from W3 and WF. In contrast, there is little ap-
parent coherence between the low-frequency currents recorded at EF/CA and at W1/W3,
respectively. The meridional coherence scale (>70 km based on the distance between NA
and SA) is larger than the zonal coherence scale (<20 km based on the distance between W1
and W3). The amplitude of the meridional velocities is decreasing with increasing distance
from the ridge crest, while the ratio of the rms zonal to meridional velocity is increasing
from 1/2 at CA to about 1 at EF and WF.
The MMP data reveal the vertical structure of the low-frequency currents (Figure 2.3).
Both zonal and meridional low-frequency velocities show coherent structures in the vertical
direction. The near-bottom intensification of the low-frequency currents occurs in both the
zonal and meridional profiles. Further investigation of the current meter data (not shown
here) also shows near-bottom intensification at flank stations but not at crest stations. This
could be due to the fact that current meters at crest stations are close to the sea-bottom
where boundary friction is important. Furthermore, the MMP data indicate that at W1
the meridional velocity (lower panel) is much larger than the zonal velocity (upper panel)
at all depths.
To examine the frequency composition of the subinertial variability, rotary spectra of the
































































Figure 2.2: (a) Low-pass filtered velocities (north upward) recorded by the current meters
and MMPs at 2450 m. Upper panel: velocities from the stations along the ridge crest;
lower panel: velocities from the stations across the ridge crest. Shaded regions show the
period when two anticyclonic eddies passed the observation site directly (see Figure 2.5).





























































Figure 2.3: Low-pass filtered velocities recorded by the MMPs at W1. Upper panel shows





































Figure 2.4: Subinertial rotary spectra of the velocities at 2450 m. Red and blue curves
show the clockwise and counter-clockwise spectral components, respectively. The panel
arrangement reflects the geometry of the mooring array.
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components of the spectra show energetic peaks with periods between 20 and 100 days.
Comparison of the anticyclonic and cyclonic components from different moorings indicates
that the cyclonic subinertial energy is similar in all records (2.8(±1.3)× 10−2m2s−2) while
the anticyclonic energy is similar at WF and EF (1.3(±0.1)×10−2m2s−2) but stronger (and
similar) at CA, NA and SA (7.1(±2.4)×10−2m2s−2). This implies that, over the ridge axis,
the anticyclonic subinertial energy is amplified by a factor of 5–6.
In order to investigate the relationship between the upper- and deep-ocean variability, we
first examined the temporal and spatial characteristics of the subinertial variability at the
sea-surface. Longitude-time and latitude-time plots of subinertial SSHA along 9.5◦N and
104.5◦W (Figure 2.5a) indicate westward signal propagation with a speed of about 15 cm/s
whereas there is no clear meridional propagation. The characteristic period of the variability
at the sea surface is about one to three months, the same as the dominant low-frequency
variability in our mooring observations. In the time-latitude plot of SSHA (right panel of
Figure 2.5a) a band of intense variability appears between 10◦ and 15◦N. According to Giese
et al. (1994) the subinertial variability in this latitude band is dominated by anticyclonic
eddies. While the cores of these eddies crossed the EPR north of our observation site
(9◦-10◦N), they nevertheless dominate the surface variability there.
The similarity of the dominant subinertial time scales suggests that the deep-ocean
subinertial variability is related to the westward-propagating SSHA signals shown in Fig-
ure 2.5a. To determine the propagation of the deep-ocean variability, we calculated lag-
correlations between the velocity records of neighboring moorings. The results indicate
consistently westward signal propagation at 9.5◦N with speeds that are on the same order,
although consistently smaller, than the SSHA propagation speeds (Figure 2.5b).
We further compared the geostrophic currents estimated from SSHA gradient data near
NA to the subinertial currents recorded by the current meter at NA (Figure 2.6). The
comparison shows low-frequency variation of the correlations between the upper- and deep-
ocean subinertial variability of both the zonal and meridional velocity components. Large
negative correlations occurred in both zonal and meridional velocities between May and
July 2007, when two energetic anticyclonic eddies affected the observation site. The pearson












































Figure 2.5: (a) Left panel: time-longitude plot of subinertial SSHA at 9.5◦N. The solid
line shows the longitude of the ridge crest and the doted line indicates a westward speed
of 15 cm/s; right panel: time-latitude plot of subinertial SSHA at 104.5◦W. The dashed
line shows the latitude where the geographic center of the observation is located (9.5◦N);
(b) Lag-correlations of low-frequency currents at 2450 m between adjacent stations in the
cross-axial direction. Negative lags imply westward propagation and the speeds for the four
panels (from right to left) are 7 cm/s, 6 cm/s, 10 cm/s and 8 cm/s, respectively.
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4.29 × 10−13 and r(v) = -0.89, p(v) = 8.94 × 10−20, respectively. Here the current meter
record is lagged by 8 days, which is the optimal time lag resulting from the lag correlation
between the altimetry-derived geostrophic currents of low-temporal resolution and observed
deep-ocean currents of high-temporal resolution. The accuracy of the optimal time lag was
investigated and verified by repeating the time lagging of the time series between May and
July 2007 using low-pass filters with different cut-off frequencies.
2.4 Discussion
Away from topography, subinertial velocity variability in the ocean is typically dominated by
low vertical modes (e.g. Wunsch, 1997). Near mid-ocean ridges, the dynamics are expected
to be complicated by topographic effects, such as (standing or propagating) topographic
waves (e.g. Allen and Thomson, 1993) and topographic deformation of eddies (e.g. Adams
and Flierl, 2010). In spite of this expectation, our observations indicate that the subinertial
zonal velocities near the EPR crest in the eastern tropical Pacific are anticorrelated with the
near-surface velocities most of the time, consistent with dominance of the first baroclinic
mode. While the correlation between the corresponding meridional velocities is much more
variable in time, strong anticorrelation is apparent between May and July 2007, when SSHA
data show two eddies passing over the ridge crest near the observation site.
The subinertial variability in our moored velocity data is associated with a larger merid-
ional (along the EPR axis) than zonal (across the EPR axis) coherence scale. We interpret
this observation as a result of topographic effects on the dynamics. For example, Allen and
Thomson (1993) show that, for ridge with an approximately triangular cross section, like
the EPR in our study region, the along-axial velocity will decay to almost zero within a
distance of one internal deformation radius R from the ridge crest. Using the vertical scale
h = 500m corresponding to the height of the steep inner flanks of the EPR crest in this
region, the observed buoyancy frequency near the ridge crest N = 8 × 10−4s−1, as well as
the Coriolis parameter f = 2.5×10−5s−1, the internal deformation radius R = Nhf ≈ 16km.
Alternatively both the difference between the cross- and along-axial coherence scales and










































































Figure 2.6: (a) Zonal velocities of geostrophic currents (solid) estimated from the SSHA
data near NA and observed deep-ocean currents (dash) at NA are shown in the upper
panel; their correlation calculated with overlapping two months segments is shown in the
lower panel. (b) Meridional velocities of geostrophic currents (solid) and observed deep-
ocean currents (dash) at NA are shown in the upper panel; their correlation calculated with
overlapping two months segments is shown in the lower panel. Shaded regions show the
period during which two energetic anticyclonic eddies affected the observation site. The
estimated geostrophic currents and the observed deep-ocean currents are plotted with an
offset of 8 days. The correlation is also calculated with an offset of 8 days.
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model of Adams and Flierl (2010), which shows that when eddies in the deep ocean ap-
proach the ridge crest, they will be elongated along the ridge and therefore induce strong
meridional velocities near the crest of meridionally trending ridges. Additional support
for our inference of strong topographic effects on the regional dynamics is provided by the
observation that the anticyclonically polarized subinertial motion directly over the ridge
crest is amplified by a factor of 5 or so. We interpret this amplification as a consequence
of the conservation of potential vorticity resulting from “vortex squashing” associated with
motion across the ridge crest.
Our observations indicate westward propagation of the subinertial variability in our
study region both at the sea surface and near the depth of the ridge crest. While similar
in magnitude, the propagation speed at depth is consistently smaller than the propagation
speed at the surface. The persistent 7-month-long anticorrelation between the subinertial
zonal velocities at depth and at the surface strongly suggests that any difference in zonal
propagation speed must be localized as, otherwise, the velocities at the surface and at depth
would be expected to decorrelate quickly. This inference is consistent with the model of
Adams and Flierl (2010), which predicts that the upper layers of baroclinic eddies passing a
ridge crest barely “feel” the topography whereas the velocities at depth can be substantially
affected, resulting in a significant slowdown in the cross-ridge propagation speed. In a recent
paper, based on results from a 2-dimensional regional circulation model, McGillicuddy
et al. (2010) interpret the low-frequency variation of the meridional currents over the EPR
crest in this region as the consequence of back-and-forth sweeping of north- and southward
boundary currents that flow along the western and eastern ridge flanks, respectively. Our
results suggest that this back-and-forth sweeping is likely caused by deep-reaching eddies
propagating across the ridge axis. Our observations also indicate an effect of the North
Equatorial Counter Current (NECC) on the near-surface currents between July and October
2007, but we found no indication that the deep ocean currents in our observations are
affected by the NECC in a significant way, as the deep flow during the same time is no
more eastward (or westward) than it is before and after.
In conclusion, we interpret the subinertial variability of the observed velocity field close
to the EPR crest in the tropical East Pacific to be the result of a superposition of velocities
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associated with eddies propagating westward across the ridge and “topographic flows”, such
as the trapped waves discussed by Allen and Thomson (1993) and the boundary currents
described by McGillicuddy et al. (2010). This implies that the eddies apparent in sea surface
height not only dominate the subinertial velocity variability in the upper ocean but also
exert strong influence on the deep ocean, even near mid-ocean ridges, where topographic
effects complicate the dynamics. Considering the ubiquitousness of eddies in the ocean
we expect that the circulation near other portions of the global mid-ocean ridge system is
similarly dominated by mesoscale variability and topographic effects. This is particularly
important for dispersal of larvae and geochemical tracers associated with hydrothermal
sources that are found primarily along the crest of mid-ocean ridges.
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Chapter 3
Subinertial Modulations of Internal
Waves and Mixing on the East
Pacific Rise
Published as:
Liang X. and A. M. Thurnherr. Eddy-modulated internal waves and mixing on a mid-ocean
ridge. J. Phys. Oceanogr., 42(7):1242–1248, 2012.
Abstract
Mesoscale eddies are ubiquitous in the world’s ocean and dominate the energy content
on subinertial time scales. Recent theoretical and numerical studies suggest a connection
between mesoscale eddies and diapycnal mixing in the deep ocean, especially near rough
topography in regions of strong geostrophic flow. However, unambiguous observational ev-
idence for such a connection has not yet been found and it is still unclear what physical
processes are responsible for transferring energy from mesoscale to small-scale processes.
Here, we present observations demonstrating that finescale variability near the crest of
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the East Pacific Rise is strongly modulated by low-frequency geostrophic flows, including
those due to mesoscale eddies. During times of strong subinertial flows we observed ele-
vated kinetic energy on vertical scales < 50 m and also in the near-inertial band, predomi-
nantly upward-propagating near-inertial waves, as well as increased incidence of layers with
Richardson number (Ri) < 14 . In contrast, during times of weak subinertial flows, kinetic
energy in the finescale and near-inertial bands are lower, Ri are higher, and near-inertial
waves propagate predominantly downward through the water column. Diapycnal diffu-
sivities estimated indirectly from a simple Ri-based parameterization are consistent with
results from a tracer-release experiment and a microstructure survey bracketing the moor-
ing measurements. These observations are consistent with energy transfer (a “cascade”)
from subinertial flows, including mesoscale eddies, to near-inertial oscillations, turbulence
and mixing. This interpretation suggests that, in addition to topographic roughness and
tidal forcing, parameterization of deep ocean mixing should also take subinertial flows into
account. The findings presented here are expected to be useful for validating and improving
numerical-model parameterizations of turbulence and mixing in the ocean.
3.1 Introduction
Ocean mixing plays an essential role in driving the meridional overturning circulation (e.g.
Munk and Wunsch, 1998; Wunsch and Ferrari, 2004), and for dispersing carbon, oxygen
and other biogeochemical tracers throughout the entire ocean. Outside of boundary layers,
turbulent mixing in the ocean is closely related to internal waves (e.g. Munk, 1981; Gregg,
1989; Polzin et al., 1995). While the importance of tidal forcing for driving internal waves
and, thus, turbulence and mixing, has been widely recognized for some time (e.g. Polzin
et al., 1997; Egbert and Ray, 2000; Ledwell et al., 2000; St Laurent and Garrett, 2002),
recent theoretical and numerical studies imply that subinertial geostrophic flows can drive
turbulent mixing in the deep ocean as well, especially near rough topography (Nikurashin
and Ferrari, 2010a,b). Numerical attempts to quantify the global internal-wave generation
rate by subinertial geostrophic flows suggest that this process is also crucial to the global
mechanical energy budget (e.g. Nikurashin and Ferrari, 2011; Scott et al., 2011). However,
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due to a lack of suitable time-series measurements, unambiguous observational evidence for
such a connection has not yet been presented, as far as we are aware.
In the eastern tropical Pacific, satellite and in situ data from the upper ocean reveal
the presence of westward-propagating mesoscale eddies near 10◦N (e.g. Giese et al., 1994;
Palacios and Bograd, 2005; Willett et al., 2006). Chapter 2 indicates that these eddies
also affect the flow at depth near the East Pacific Rise (EPR) crest in this region, where
a tracer-release experiment (Jackson et al., 2010) and a microstructure survey (Thurnherr
and St Laurent, 2011) indicate mean diapycnal diffusivities more than an order of magni-
tude above typical thermocline background values. Therefore, the EPR crest near 10◦N
is well suited for investigating possible energy transfer from mesoscale flows to small-scale
processes.
In this chapter, we analyze measurements from a current meter and a McLane Moored
Profiler close to the crest of the EPR (section 3.2). The data reveal modulation with
subinertial flows of the energy level and frequency content in the internal wave band, of the
vertical propagation of near-inertial motions, and of the susceptibility of the water column
to shear instability (section 3.3). We interpret our observations as evidence for an energy
transfer from low-frequency geostrophic flows, including mesoscale eddies, to near-inertial
oscillations, turbulence and mixing (section 3.4).
3.2 Data and Methods
During an NSF-funded project called LADDER (LArval Dispersal along the Deep East
pacific Rise), moorings were deployed on and near the crest of the EPR between 9◦ and
10◦N in November 2006 and recovered in November 2007 (Thurnherr et al., 2011). Here,
we use data from two of the instruments moored at 9.5◦N (Fig. 3.1) to investigate the
connection between subinertial geostrophic flow, internal waves, and mixing inferred from
the finescale measurements: 1) An Aanderaa RCM-11 current meter deployed on the “CA
mooring” directly over the EPR crest at 2450 m, recording velocities every 20 minutes; and
2) A McLane Moored Profiler (MMP), deployed on the “W1 mooring” ≈ 10 km off axis over


















































Figure 3.1: Observational setting. Main panel: topographic section across the EPR at
9.5◦N with instrument locations; red: depth range of MMP sampling on W1 mooring;
blue: current meter on CA mooring. Upper-left inset: location of study region in tropical
east Pacific. Upper-right inset: plan-view of EPR-segment topography with locations of
moorings.
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and 2775 m (≈ 10 m.a.b.) with a vertical resolution of 2 m, roughly three times per day.
For additional information regarding the observations, refer to previous studies (Thurnherr
et al., 2011).
To investigate the possibility of energy transfer from geostrophic flows to finescale vari-
ability, kinetic energy (KE) in the subinertial band and KE associated with finescale pro-
cesses were estimated from the MMP data at W1. KE associated with subinertial flows was
estimated from the moored velocity data by low-pass filtering with a fourth-order Butter-
worth filter with a cut-off frequency of 0.1 cycles/day. The local inertial period is ≈ 3 days.
For the W1 MMP record shown in Fig. 3.2, subinertial KE time series at each depth (2 m
resolution) were vertically averaged. An alternate estimate, calculated by low-pass filtering
the vertically averaged velocities is nearly identical. In order to extract the KE associ-
ated with finescale processes, the MMP velocity profiles were firstly vertically high-pass
filtered with a fourth-order Butterworth filter with a cut-off wavenumber of 0.02 cycles/m.
Finescale KE was then calculated from the high-pass filtered velocities. Alternate estimates,
calculated with cut-off wavenumbers ranging from 0.0025 to 0.1 cycles/m, respectively, yield
qualitatively similar results (not shown). To emphasize the low-frequency modulation of
the finescale variability, we also applied a fourth-order Butterworth filter with a cut-off
frequency of 0.1 cycles/day to the vertically averaged finescale KE.
In order to investigate low-frequency effects on turbulence and mixing, first we used the





where N and S are the buoyancy frequency and vertical shear of horizontal velocity, respec-
tively. In order to deal with measurement noise, the MMP velocity, temperature and salinity
profiles were first smoothed with 10-m-thick moving-average filters. From the smoothed ve-
locity data, shear was calculated as S2 = U2z +V
2
z , where Uz and Vz are the vertical gradients
of the horizontal velocity components, respectively. To go one step further, diapycnal dif-
fusivities were estimated from the Ri time series using the simple parameterization method
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where Km is the diapycnal eddy viscosity, Kρ is the diapycnal diffusivity and Km0 =
10−4 m2s−1 and Kρ0 = 10
−5 m2s−1 are the “background” values for diapycnal viscosity and
diffusivity, respectively. This parameterization is based on the observation that the stability
of the water column is related to Richardson Numbers. Specifically, when Richardson
numbers are smaller than a limiting value (0.25), the water column will become instable
(e.g. Thorpe, 2005). As a consequence, turbulence and mixing will be intensified. Based on
basic physics, measurements as well as laboratory studies, this empirical parameterization
was developed in the early 1980s and has been applied in numerical models for a few decades
(e.g. Johns et al., 1997; Gordon et al., 2000). Recently, this model has also been tested with
measurements by Fer (2006) and the results show that, as long as suitable background
values are used, the model can adequately reproduce microstructure-derived mixing levels.
In order to extract the modulation of near-inertial KE from the velocity time series
“standard” wavelet analysis (Torrence and Compo, 1998) with Morlet wavelets was applied
to the unfiltered KE time series calculated from velocity data at W1 and CA.
3.3 Results
Velocity data (low-pass filtered with a 10-day cutoff) from the instruments moored near
the EPR crest at 9.5◦N show significant low-frequency variability of KE (Fig. 3.2a). Chap-
ter 2 has found strong correlations between the subinertial flow near the EPR crest and
geostrophic flow near the surface and evidence that at least some of the subinertial velocity
pulses at depth are directly related to westward-propagating mesoscale eddies spanning the
entire water column. The finescale KE (Fig. 3.2b) is much smaller than the subinertial
KE, but is highly temporally correlated with it — in particular the three largest maxima
centered near yeardays -30, 45 and 70 agree in timing and, approximately, in relative mag-






















































−60 −30 0 30 60 90 120
Yearday
Turbulent Diffusivity(d)
Figure 3.2: MMP observations from the W1 mooring on the west flank of the EPR. (a) Ver-
tically averaged subinertial KE. (b) Subinertial modulation of vertically averaged finescale
KE. (c) Subinertial modulation of Richardson number; the curve shows what fraction of the
water column sampled by the MMP is associated with Ri < 14 . (d) Subinertial modulation of
vertically averaged turbulent diffusivity from a Richardson number based parameterization.
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Finescale processes are closely linked to ocean turbulence and mixing (e.g. Munk, 1981;
Gregg, 1989; Polzin et al., 1995). Consistent with the assumption that shear instabilities
play an important role in this context, our data reveal a clear modulation of Ri with
subinertial forcing (Fig. 3.2c): While 15–20% of the water column sampled by the MMP
at W1 is associated with Ri < 14 (i.e. susceptible to Kelvin-Helmholtz instabilities) during
times of strong subinertial forcing, the corresponding “background” fraction is only ≈5%.
Given this modulation, it is not surprising that the parameterized diapycnal diffusivities
derived from the Ri time series are highly correlated with the time series of subinertial and
finescale KE (Fig. 3.2d). While most of the time the inferred diapycnal diffusivity ranges
between 1 and 2×10−4 m2s−1, during episodes of strong subinertial flow the deduced mixing
is intensified by about factor 3. Averaged over the half-year-long record, the two episodes
of strong subinertial flow increase the average diapycnal diffusivity by ≈35%, from 1.46 to
1.97 × 10−4 m2s−1. A tracer-release experiment carried out in the same region between
yeardays -37 and 3 yields a mean diapycnal diffusivity of ≈ 2× 10−4 m2s−1 (Jackson et al.,
2010). While this is somewhat lower than the corresponding average of 3.1 × 10−4 m2s−1
calculated from our indirectly inferred diffusivities for the same time period the similarity
in magnitude between the two estimates is encouraging, in particular considering that the
tracer cloud spent a significant portion of the 40-day experiment over the western ridge
flank, where the subinertial flows are markedly weaker than on axis (Chapter 2). The mean
diapycnal diffusivity of ≈ 10−4 m2s−1 on the EPR flanks below 2300 m derived from a
regional microstructure survey carried out during the mooring recovery cruise (Thurnherr
and St Laurent, 2011) is also consistent with our parameterized estimates, because the
survey was carried out during a time of weak subinertial forcing (see also section 4 below).
The correlations between subinertial KE, finescale KE, Ri and inferred diapycnal dif-
fusivity in the W1 record shown in Fig. 3.2 are consistent with the hypothesis that some
of the oceanic turbulence is driven by low-frequency geostrophic motions, rather than by
tidal flows (Naveira-Garabato et al., 2004). Theoretical and numerical investigations of this
hypothesis indicate that the energy transfer from low-frequency flows to turbulence involves
vigorous near-inertial waves generated on steep slopes (Nikurashin and Ferrari, 2010a,b).
Both time series of KE in the near-inertial band from the W1 MMP and the significantly
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Figure 3.3: Time series of seasurface-height anomaly, subinertial KE, near-inertial KE and
wavelet power spectra. (a) Hovmoeller diagram of seasurface-height anomaly from AVISO
at 9.5◦N. The solid line shows the longitude of the EPR crest at this latitude. (b) Subinertial
KE. (c) Near-inertial KE from wavelet power spectra scale-averaged over the near-inertial
band (2–4 days). In panels b & c, the data from W1 at 2450 m are shown in red and the
CA data in blue. (d) Wavelet power spectra of the total KE at CA. The dashed and solid





































Figure 3.4: Near-inertial KE at CA as a function of total velocity. The colored blocks show
KE levels gridded into 0.5 × 0.5 cm/s horizontal-velocity bins. The thick grey line shows
the strike of the crest of the EPR in this region.
longer CA velocity record (Fig. 3.3c) reveal low-frequency modulation of near-inertial KE
with a characteristic time scale similar to that of the corresponding subinertial KE near
the ridge crest (Fig. 3.3b) and of seasurface-height anomalies (Fig. 3.3a). To make the data
from W1 and CA directly comparable, the subinertial KE time series from W1 shown in
Fig. 3.3b is calculated from velocity data at 2450 m whereas the corresponding time series
in Fig. 3.2a shows vertically averaged values.
A careful comparison between the modulation of near-inertial KE with the corresponding
subinertial KE reveals, however, that there is no one-to-one correspondence between the
two: whereas each of the large peaks in near-inertial KE is associated with a corresponding
pulse in low-frequency KE, the reverse it not true. This observation implies that the ratio













































Figure 3.5: Vertical propagation of near-inertial oscillations at W1. (a) Near-inertial zonal
velocity at W1 during a quiet period when the subinertial flow was weak. (b) Near-inertial
zonal velocity at W1 during a pulse of strong subinertial flow. The corresponding meridional
velocities show a similar pattern.
have the same shape for the whole observed period. Furthermore, our data indicate that
the intensity of near-inertial waves near the EPR crest in this region is modulated primarily
by low-frequency flows, but that not all low-frequency flow pulses cause a corresponding
increase in near-inertial KE. Figure 3.4 reveals that, in addition to flow speed, the intensity
of the near-inertial KE depends on the flow direction relative to the orientation of the EPR
crest. In particular, there is a strong correlation between the near-inertial KE and the
magnitude of the along-ridge flow while cross-ridge flows do not appear to have a strong
effect on the near-inertial oscillations sampled by our moored instruments.
Vertical propagation can provide insight into the nature of the observed near-inertial os-
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cillations, since bottom-generated near-inertial oscillations initially propagate upward while
surface-generated ones initially propagate downward. We therefore examine profiles of
bandpass-filtered (0.75f–1.5f) zonal velocity at W1 during periods of weak and strong
subinertial flow. A similar procedure has been used to investigate vertical propagation of
internal waves in previous studies (e.g. Alford, 2010). Two representative sample periods
are shown in Fig. 3.5. During the period from yearday -10 to 0, when the subinertial flow
was weak, the near-inertial zonal velocities show upward-propagating phase, which indicates
that the dominant near-inertial energy was propagating downward (Fig. 3.5a), as expected
for near-inertial oscillations generated at the sea surface (e.g. Garrett, 2001). However, dur-
ing the period from yearday 66 to 76, when a strong pulse of subinertial flow affected our
research region, the near-inertial zonal velocities show downward phase propagation, which
implies that upward-propagating near-inertial energy was dominating. The observation of
predominantly upward-propagating near-inertial energy during subinertial flow pulses sug-
gests that during this period the near-inertial oscillations are most likely generated at the
seafloor by the subinertial flow.
3.4 Discussion
Intense ocean mixing is known to occur over rough bottom topography and is usually mainly
attributed to the breaking of internal waves generated by topography-flow interactions (e.g.
Polzin et al., 1997; Ledwell et al., 2000). However, what motions contribute to the generation
of internal waves and how much they contribute are still open questions. While much of
recent related observational work has emphasized the role of tides in this context (e.g. Polzin
et al., 1997; Egbert and Ray, 2000; Ledwell et al., 2000; St Laurent and Garrett, 2002), our
observations, in particular the striking modulation of finescale and near-inertial KE with
the background low-frequency variability as well as the association of upward-propagating
near-inertial KE with pulses of low-frequency flows, are highly suggestive of energy transfer
(i.e. a “cascade”) from mesoscale flows to near-inertial oscillations. While co-variance of KE
in different frequency bands is also possible when the spectral shape does not change, i.e.
without an energy transfer, this would imply constant ratios between the KE in different
37
frequency bands. Therefore, we interpret the fact that the shape of the KE spectra derived
from our data varies quite significantly with time, as apparent in the varying ratios of near-
inertial KE to subinertial KE as well as of semidiurnal KE to subinertial KE (Fig. 3.3),
as evidence for energy transfer between different frequency bands. Both the modulation of
finescale KE with subinertial forcing and the opposite vertical propagation of near-inertial
kinetic energy during times of weak and strong subinertial forcing support this inference.
Perhaps more importantly, our observational inference of an energy transfer is also consistent
with theoretical and numerical predictions of energy transfer from subinertial to near-inertial
motions (Nikurashin and Ferrari, 2010a,b). In our interpretation, the modulation of Ri
with low-frequency forcing and, in particular, the common occurrence of layers with Ri < 14
during times of strong subinertial flow strongly suggests that the energy transfer from
mesoscale flows to near-inertial waves continues all the way to turbulence and mixing. This
interpretation implies that, in addition to winds at the sea surface (e.g Garrett, 2001; Alford,
2003; Alford and Whitmont, 2007), geostrophic currents flowing over topography constitute
another important energy source for near-inertial oscillations and mixing in the ocean.
Our data indicate that, near the crest of the EPR, along-ridge flow is more effective in
modulating the near-inertial KE than across-ridge flow (Fig. 3.4). In our interpretation,
a likely explanation for this somewhat unexpected result is provided by the fact that in
the cross-ridge direction the near-axial topography of the EPR is dominated by the ≈20
km-wide crest (main panel of Fig. 3.1) whereas the along-ridge topography is associated
with undulations with characteristic horizontal and vertical scales of ∼5 km and 50–100
m, respectively (not shown). The observation that along-ridge flows with magnitudes of
∼10 cm/s are associated with significant near-inertial KE but that across-ridge velocities
of the same magnitude are not is consistent with the prediction, from linear theory, that
significant lee wave radiation is only expected for topographic roughness with horizontal
scales less than U/|f | (e.g. Nikurashin and Ferrari, 2011; Scott et al., 2011), which yields a
cutoff of ∼4 km in our case.
In addition to near-inertial waves, our observations also reveal a modulation of semi-
diurnal KE with the background subinertial flow (Fig. 3.3d). This could be due to eddy-
modulated energy conversion from barotropic to baroclinic tides, as has been inferred in a
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recent observational and numerical study on the Hawaiian ridge (Zilberman et al., 2011).
There, the modulation is caused by phase variations of the perturbation pressure associated
with changing stratification and/or cross-ridge currents. This suggests that the influence
of subinertial flows on internal waves is not restricted to the near-inertial band but also
involves baroclinic tides.
In spite of the fact that not all low-frequency KE pulses on the EPR crest in our study
region can be unambiguously associated with westward propagating eddies apparent in sea-
surface height data (Chapter 2), Fig. 3.3 indicates a close connection between geostrophic
currents at the sea surface and near the EPR crest. The time period after yearday 240 is
particularly noteworthy in this context, as it was a quiet period when both the low-frequency
and near-inertial KE at depth were weak and there was no clear westward propagation of
sea-surface height anomalies. This implies that the turbulence measurements carried out
in the context of a regional microstructure survey during yearday 319–335 (Thurnherr and
St Laurent, 2011) sampled this quiet period and cannot be considered representative for the
longer-term regime. This points to an important shortcoming of microstructure and other
quasi-synoptic mixing surveys, as the temporal context is usually not known.
In conclusion, we interpret our observations from the EPR crest near 9.5◦N as evidence
for an energy transfer from mesoscale eddies propagating westward across the ridge crest to
internal waves, turbulence and mixing in the deep ocean. To the best of our knowledge, these
observations constitute the first observational evidence for such a downscale energy transfer
that is only expected to take place in regions of rough topography. Our interpretations
suggests that, in addition to topographic roughness and tidal forcing, parameterizations of
deep ocean mixing should also take forcing by subinertial flows into account. Furthermore,
since the frequency and intensity of mesoscale eddies depend on the state of the climate
(e.g. Palacios and Bograd, 2005; Meredith and Hogg, 2006; Böning et al., 2008; Qiu and
Chen, 2010; Farneti et al., 2010), the observed eddy-modulated internal waves as well as the
expected eddy-modulated mixing connect climate change and climate variability to physical
and biogeochemical dynamics in the deep ocean and implies the possibility of a hitherto
unexplored feedback mechanism potentially affecting the global climate system.
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Chapter 4
Near-inertial Oscillations in the
Deep Ocean near the East Pacific
Rise
Abstract
The temporal and spatial characteristics of near-inertial oscillations in the deep ocean near
ridge crests are examined using measurements from a set of moored instruments deployed
near a segment of the East Pacific Rise between 9◦N and 10◦N. The near-inertial oscil-
lations show significant low-frequency modulations, which are related to subinertial flows.
Spatially, the near-inertial oscillations show different patterns in the directions along and
across the ridge crest. Along the ridge crest, the intensity of near-inertial oscillations does
not change much and the low-frequency modulations of near-inertial oscillations are co-
herent. In the direction across the ridge crest, the intensity is decreasing with increasing
distance from the ridge crest and the low-frequency modulation is not coherent between ax-
ial and flank stations. Vertically, the WKB (WentzelKramersBrillouin)-scaled near-inertial
kinetic energy shows bottom intensification at both axial and flank stations. It is also re-
vealed that the shear associated with near-inertial oscillations accounts for at least half of
the total shear in the deep ocean near the ridge crest of the EPR. That means near-inertial
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oscillations close to ridge crests play an essential role in generating ocean turbulence and
mixing. Additionally, comparisons between stations close and relatively far from the ridge
crest suggest that the intense mixing associated with near-inertial oscillations is limited in
a small region close to the ridge crest.
4.1 Introduction
Near-inertial oscillations are ubiquitous and dominate the vertical shear in the ocean (e.g.
Ferrari and Wunsch, 2009; Alford, 2010). As suggested by observational and theoretical
studies, the shear associated with near-inertial oscillations contributes greatly to the insta-
bility of internal waves as well as to the production of turbulence in the deep ocean over
the rough topography (e.g. Toole, 2007; Nikurashin and Ferrari, 2010b; Alford, 2010). A
better understanding of near-inertial oscillations near rough/abrupt topography is therefore
crucial for examining the ocean energy budget and mixing processes.
Intense near-inertial oscillations have been revealed near many of the mid-ocean ridges.
For example, Fu (1981) showed intense near-inertial oscillations near the Mid-Atlantic Ridge
(MAR), which has a very rough underlying topography. Different from the MAR, the EPR
in the eastern tropical Pacific Ocean is much smoother (Fig. 2 in Nikurashin and Ferrari
(2011)). However, measurements of ocean current reveal intense near-inertial oscillations in
the deep ocean over the crest of the EPR as well as temporal modulation of near-inertial
oscillations and ocean mixing with the subinertial flows on the ridge crest (Chapter 3).
Although the main temporal pattern has been shown in chapter 3, detailed analyses of the
spatial and temporal variations of near-inertial oscillations as well as the associated shear
near the EPR have not yet been carried out.
In this chapter, observations from current meters and McLane Moored Profilers (MMPs)
deployed close to the ridge crest of the EPR segment between 9◦N and 10◦N are analyzed
with a focus on the near-inertial oscillations (section 4.2). Temporal and spatial pattens of
the near-inertial velocity, kinetic energy (KE) and vertical shear of horizontal velocity in
the deep ocean near the EPR are presented in section 4.3. At last, implications of these
observations for understanding the propagation and dissipation of near-inertial oscillations
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in the deep ocean near mid-ocean ridges are discussed in section 4.4.
4.2 Data and Methods
4.2.1 Data
During the LADDER (LArval Dispersal along the Deep East-pacific Rise) project, five
current-meter moorings were deployed near the crest of the EPR between 9◦N and 10◦N
(refer to Fig. 2.1) on October 2006 and recovered on November 2007. They consist of two
flank moorings (EF and WF) and three crest moorings (NA, CA and SA). Each mooring
has three Aanderaa RCM-11 current meters recording velocities between 2450 m and the
sea-bottom with a sample interval of 20 minutes. Good quality data were acquired by most
current meters for the entire period except for a broken one at flank station EF. Due to the
high horizontal resolution on the west side of the ridge crest, the data at EF were not used
in this chapter.
In addition to current meter moorings, two moorings equipped with McLane Moored
Profilers (MMP) were deployed on the western flank of the EPR (W1 and W3) but they
yielded shorter records. The MMPs were programed to measure temperature, conductivity
and pressure profiles between 2300 m and seafloor (≈ 10 m.a.b.) roughly three times per day.
The raw data were post-processed to 2-db bin-averaged profiles of temperature, salinity and
velocity. The vertical resolution of the MMP data is much higher than the measurements of
current meters, therefore the MMP data provide more detailed information on the vertical
structure of near-inertial oscillations. For additional information regarding the observations,
refer to previous study (Thurnherr et al., 2011).
4.2.2 Methods
This chapter focuses on the temporal and spatial characteristics of near-inertial oscillations.
To extract the velocities in the near-inertial frequency band, a fourth-order Butterworth
band-pass filter was applied to the velocity data obtained from current meters and MMPs.
Based on the results of spectral analysis and wavelet analysis (Chapter 3), the frequency
band is chosen between 0.25 and 0.50 cpd. The local inertial frequency is about 0.33 cpd.
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In the ocean, depth-varying stratification can influence the vertically-propagating waves
by modulating their wavenumbers and amplitudes (e.g. Pedlosky, 2003). When examining
the vertical structure of near-inertial KE, to remove the effects of depth-varying stratifica-
tion “WKB-scaling” was applied to both zonal and meridional velocities:








where (uwkb, vwkb) are the “WKB-scaled” velocities, (u, v) are the measured velocities, zi
is the measurement depth, and N̄ is the depth-averaged stratification for the measured
water column at the same station. The “WKB-scaled” velocities data were then used to
calculate the KE. Since there are no time series of stratification available at the current
meter moorings, this procedure was only applied to the MMP data. Hence, for the KE
from CMs the effects of stratification were not removed and only temporal variations were
examined. In order to extract the subinertial modulation of near-inertial KE, “standard”
wavelet analysis (Torrence and Compo, 1998) with Morlet wavelets was firstly applied to the
time series of unfiltered KE calculated from the observed velocities from CMs and “WKB-
scaled” velocities from MMPs. Then the square root of the wavelet power spectra were
averaged over the near-inertial band (2–4 days).
Vertical shear of horizontal velocity is closely related to ocean mixing processes (e.g.
Ferrari and Wunsch, 2009). Since MMPs provide data with higher vertical resolution than
the current-meter moorings, only shears from MMPs (at W1 and W3) were calculated. In
order to examine the contribution of near-inertial motions to the regional ocean mixing, the
total shear (S) and the shear in the inertial band (Siner) were calculated with unfiltered
velocities and band-pass filtered near-inertial velocities in the following ways, respectively:
su(t, zi) =
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(4.6)
sinerv (t, zi) =
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where (u, v) are unfiltered measured velocities, (uiner, viner) are velocities in the near-inertial
band, dz is the vertical resolution of the MMPs data, which is 2 m.
4.3 Results
4.3.1 Near-inertial Velocity
Time series of zonal velocity in the near-inertial band from current meters and MMPs at the
same depth (2450 m) are shown in Fig. 4.1. The near-inertial motions are highly intermittent
and show different spatial patterns in the directions along and across the crest of the EPR.
Along the ridge crest, the intensity of near-inertial velocities from three axial stations is
consistent (Fig. 4.1a) and the standard deviations of the zonal velocities at NA, CA and
SA are 1.68 cm/s, 1.78 cm/s and 1.72 cm/s, respectively. Maximum near-inertial flows at
the axial stations are about 6 cm/s, which is smaller than the maximum subinertial flows
(10 cm/s) revealed in chapter 2. In the cross-axial direction (Fig. 4.1b), except the peaks
around yearday 170 the near-inertial flows at different stations are not clearly correlated. In
addition, the amplitude of the near-inertial motions decreases with the increasing distance
from the ridge crest. The standard deviations of the zonal velocities at CA, W1, W3 and
SA are 1.78 cm/s, 1.60 cm/s, 1.17 cm/s and 1.18 cm/s, respectively.
Time series of near-inertial zonal velocity obtained from CMs at different depths reveal
different vertical structure of near-inertial motions at axial and flank stations. For axial
stations, near-inertial motions at different depths are highly correlated (Fig. 4.2a). For
example, velocity peaks around yeardays 0, 80, 170 and 210 are presented in all three CMs
at CA. The amplitude of near-inertial motions decreases as approaching the sea floor and
the standard deviations of the zonal velocities from three current meters (top to bottom)
at CA are 1.78 cm/s, 1.14 cm/s and 0.75 cm/s, respectively. For station relatively far (≈
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Figure 4.1: Band-pass filtered zonal velocities (U) in the near-inertial frequency band from
CMs and MMPs at 2450 m. (a) Stations along the crest of the EPR. (b) Stations in the
direction across the crest of the EPR. Meridional velocities show the similar patterns.
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stations over the ridge crest. Near-inertial zonal velocities from CMs at WF reveal no clear
vertical coherent structures (Fig. 4.2b). In addition to that, at flank stations the intensity
does not change a lot with the increasing depth and the standard deviations of the zonal
velocities from three current meters (top to bottom) at WF are 1.18 cm/s, 0.95 cm/s and
1.06 cm/s, respectively.
In addition to the CM data, velocities from the MMPs, which have higher resolution
in the vertical direction, can be used to examine the vertical structure in detail (Fig. 4.3).
The near-inertial velocities show different patterns at W1 and W3. At W1 the velocities are
highly intermittent and there is not clear vertical structure revealed. In contrary to W1,
despite the near-inertial oscillations at W3 also being highly intermittent, vertically there
is clear intensification in the upper portion of the observed water column. The differences
between near-inertial velocities at W1 and W3 are shown more clearly in the standard de-
viations of the near-inertial velocities for the whole observed periods. Near-inertial motions
at W1 and W3 both show a dominant pattern that the standard deviations of near-inertial
velocities decrease with increasing depth. However, the rate of decrease is smaller at W1
than at W3. Another feature that needs to be noted is the peak of the standard deviation
appearing at the depth around 2550 m at W1 (Left panel of Fig. 4.3a). The fact that this
is the depth of the ridge crest suggests that this peak could be related to the topography.
At flank station W3, which is relative far (≈ 20 km) from the ridge crest, no peaks are
revealed near the same depth.
4.3.2 Near-inertial Kinetic Energy
Since the energy level of near-inertial oscillations is closely related to small scale turbulence
and ocean mixing, in this section the kinetic energy associated with near-inertial oscilla-
tions near the crest of the EPR is presented. Additionally, the effects of depth-varying
stratification were taken into account when analyzing the measurements from the MMPs.
Comparison between the “WKB-scaled” near-inertial KE with the near-inertial velocity
revealed in the previous section will indicate the influence of stratification.
Temporal variations of near-inertial KE at the same depth (2450 m) near the EPR are
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Figure 4.2: Band-pass filtered zonal velocities in the near-inertial band from CMs at different
depths at CA and WF. (a) CMs at CA. (b) CMs at WF. The depths of the CMs are marked
in panels. The meridional velocities show similar patterns.
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Figure 4.3: Profiles of the near-inertial zonal velocity (U) and their standard deviations
from the MMPs at W1 and W3. (a) Velocity profiles at W1. (b) Velocity profiles at W3.
The meridional velocities show similar patterns.
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at CA and SA are highly correlated, but the modulation of near-inertial KE at NA is not
well-correlated with the other two stations, which could be due to the fact that NA is close
to the Lamont Seamounts (Thurnherr et al., 2011), which are present in the north of the
observation sites and near NA (Fig. 4.4a). The standard deviations of the near-inertial KE
at NA, CA and SA are 5.22 cm2/s2, 6.45 cm2/s2 and 4.10 cm2/s2, respectively. In the
cross-axial direction (Fig. 4.4b), although the near-inertial KE at CA and W1 is highly
correlated, there are few apparent coherent features between the near-inertial KE at W1
and W3. The meridional coherence scale (>30 km based on the distance between SA and
CA) is larger than the zonal coherence scale (<20 km based on the distance between CA and
W3). Additionally, similar to what is revealed in Fig. 4.1 the amplitude of the near-inertial
KE decreases with the increasing distance from the ridge crest. The standard deviations of
the near-inertial KE at CA, W1, W3 and WF are 6.45 cm2/s2, 4.99 cm2/s2, 2.83 cm2/s2
and 1.93 cm2/s2, respectively.
Time series of near-inertial KE at different depths again indicate that the vertical struc-
ture of near-inertial motions is changing with increasing distance from the ridge crest.
At axial stations, the subinertial modulations of near-inertial KE are vertically coherent
(Fig. 4.5a). For example, pulses of near-inertial KE around yeardays 80, 170 and 210 are
shown in all measurements from the three CMs at CA. However, although the modula-
tions are coherent vertically, the intensity of the near-inertial KE is decreasing toward the
sea floor and the standard deviations of the near-inertial KE from the three CMs (top to
bottom) at CA are 6.45 cm2/s2, 3.97 cm2/s2 and 1.94 cm2/s2, respectively. At stations
relatively far from the ridge crest (e.g. WF), the vertical structure is significantly different
from stations over the ridge crest. For example, the near-inertial KE from CMs at WF
show no clearly coherent vertical structures. However, the amplitude shows no significant
change with the increasing depth (Fig. 4.5b) and the standard deviations of near-inertial
KE from the three current meters (top to bottom) at WF are 1.93 cm2/s2, 1.97 cm2/s2 and
2.20 cm2/s2, respectively.
To examine the vertical structure of near-inertial motions and the influence of strati-
fication, “WKB-scaled” near-inertial KE from the MMPs were also presented (Fig. 4.6).
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Figure 4.4: Kinetic Energy in the near-inertial band estimated by averaging the wavelet
spectra of the total KE from CMs and MMPs at 2450 m. (a) Stations along the crest of
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Figure 4.5: Kinetic Energy in the near-inertial band from CMs at different depths at CA
and WF. (a) Results from CMs at CA. (b) Results from CMs at WF. The depths of the
CMs are marked in the up-right corners.
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at W1 and W3. At W1, two strong events occurred around yeardays -30 and 70, and both
events lasted about 20 days. In contrast to W1, near-inertial KE at W3 shows large values
mainly occupying the lower portion of the observed water column and those events only
last about 10 days. The temporal-averaged near-inertial KE at W1 and W3 are also pre-
sented (Left panels of Fig. 4.6). Near-inertial KE at W1 and W3 both show a dominant
pattern with bottom intensification of the temporal-averaged near-inertial KE. However,
at the same depth the near-inertial KE is more intense at W1 than at W3. Comparing
the “WKB-scaled” results with the velocities presented in Fig. 4.3, where the effects of the
stratification are not removed, suggests that the vertically-varying stratification indeed has
a dramatic influence on the vertically-propagating internal waves.
4.3.3 Shear
In the deep ocean, strong vertical shear of horizontal velocities can result in instability and
ocean mixing. It has been observed that the vertical shear in the deep ocean is dominated
by internal waves, particularly the near-inertial oscillations (e.g. Toole, 2007; Ferrari and
Wunsch, 2009). Therefore, in this section the velocity profiles obtained by the MMPs are
used to investigate the temporal and spatial variations of the total and near-inertial shears.
Time series of near-inertial shear from the MMPs at W1 and W3 are presented in
Fig. 4.7. Shear data at W1 show vertically coherent structures and low-frequency temporal
modulation. Two significant events occupying almost the whole observed water column
occurred around yeardays -30 and 70, when two energetic peaks are also revealed in the
near-inertial KE and velocities (Fig. 4.6). During other times, the shear at W1 is not that
intense. Shears at W3 also show coherent patterns in the vertical direction. However,
although there are many intensified events occurring during the whole observed period as
well, such as ones around yeardays 80, 120 and 160, they are not as intense as those shown
in the measurements at W1. Additionally, those intensified events at W3 can only last for
much shorter periods than the two events revealed in data at W1.
The vertical distributions of the temporally-averaged shear are also presented (Left
panels of Fig. 4.7). The vertical distributions of the temporally-averaged shears at W1 and
W3 again show differences. First of all, at depths near 2300 m both the shears at W1 and
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Figure 4.6: Profiles of the “WKB-scaled” kinetic energy in the near-inertial band and the
temporal-averaged profiles from the MMPs at W1 and W3. (a) Results from the MMP at
W1 (b) Results from the MMP at W3.
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Figure 4.7: Profiles of near-inertial shear as well as the temporal-averaged profiles from
MMPs at W1 and W3. (a) Results from the MMP at W1. (b) Results from the MMP at
W3.
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W3 are around 0.0016 1/s, but as the depth increases the shear at W3 decreases. In contrast
to that, the shear at W1 is almost constant throughout the whole observed water column.
Second, regular finescale structures with characteristic vertical scales of O(10)−O(100) m
are shown in the temporally-averaged shears at both W1 and W3, but the structures at W1
have larger vertical scales than at W3.
To investigate the contribution of near-inertial oscillations to the total shear, the total
shear calculated from the MMP data is also presented (Fig. 4.8). The total shear shows
almost identical temporal and spatial characteristics as the near-inertial shear, including
the vertically coherent pulses near yeardays -30 and 70 at W1 and the intense values in
the upper portion of the observed water column at W3. Vertically, the total shear at W1
and W3 also shows patterns that the near-inertial shear has revealed, namely that the
shear is vertically almost constant at W1 but clearly decreases with increasing depth at
W3. However, although the patterns of the total and near-inertial shears are similar, the
magnitude of the near-inertial shear is roughly half of the total shear. This is true for both
W1 and W3 and is valid throughout the whole observed water columns.
4.4 Discussion
Comparison of the temporal modulations of near-inertial motions at all stations provides
information on the propagation of near-inertial oscillations in the deep ocean near the
EPR. Coherence in the temporal modulation does not necessarily suggest that the same
near-inertial wave packets pass different stations, since that coherence could also be due to
the generation or modulation of near-inertial oscillations by the same large-scale processes.
However, incoherence can rule out the possibility that the same near-inertial wave packets
propagate through those stations. In the direction across the crest of the EPR, except for
a particular period around yearday 170, the horizontal coherence scales of the near-inertial
oscillations are around 10 km (based on the distances between CA and W1, as well as W3
and WF shown in Fig. 4.4). That means the generated near-inertial oscillations on the
ridge crest do not pass the CMs and MMPs that are only 20 km away. For the special
case around yearday 170, the high correlation among stations in the direction across the
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Figure 4.8: Profiles of total shear as well as the temporally-averaged profiles from MMPs
at W1 and W3. (a) Results from the MMP at W1. (b) Results from the MMP at W3.
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ridge crest could be due to the modulation of a strong mesoscale eddy, which passed the
observation sites directly. Satellite data reveal that during that period there was indeed
a westward-propagating mesoscale eddy passing the observed region directly (Chapter 2).
Along the ridge crest, temporal modulations of near-inertial oscillations are coherent. This
observation could be due to the local generation associated with low-frequency flows, which
are revealed coherent along the ridge crest in chapter 2. This feature needs to be noted
since it is generally believed that near-inertial oscillations can propagate energy across long
distances, however it seems not to be the case as close to the crest of the EPR.
Enhanced mixing has been revealed above rough topography (e.g. Polzin et al., 1997),
and internal tides generated when barotropic tides flow over rough topography are believed
responsible for this enhanced mixing (e.g. Polzin, 2004). However, recent studies show that
near-inertial oscillations in the deep ocean ofter have intense shear, which are suggested to
be closely related to ocean mixing (Toole, 2007; Alford, 2010). In addition to that, in some
of those studies (e.g. Polzin et al., 1997; Polzin, 2004) the mesoscale flows in the deep ocean
are assumed to be weak in comparison to the tides, the possible contribution of geostrophic
currents is therefore eliminated. However, chapter 2 and 3 show that intense mesoscale flows
exist near the crest of mid-ocean ridges and they can therefore contribute and modulate the
regional turbulence and mixing. The observations presented here reveal both a significant
contribution of near-inertial oscillations to the finescale shear as well as the low-frequency
modulation of the shear.
The similarity of the vertical distributions of total and near-inertial shears at W1 and
W3 implies a close relationship between them (Figs. 4.7 and 4.8). The temporal modulations
of the total and near-inertial shears show that such a close relationship also exists in the
temporal sense. Additionally, the ratio of near-inertial to total shear is around 1/2 for the
whole records in both the measurements from MMPs at W1 and W3. The close relationships
in both the temporal and spatial domains between the total and near-inertial shear suggest
that they could be affected by similar mechanisms. It is most likely that both shears are
modulated by the varying stratifications, since the vertical wavenumbers of ocean waves can
change with the varying stratifications. As a consequence, the vertical shear can change
accordingly. Additionally, the mechanism of local generation of near-inertial oscillations
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raised in chapte 3 may also contribute to the modulation of shears.
Observations in this chapter also show differences in shear at W1 and W3, such as
their vertical structures. This means that, although at both stations near-inertial shear
contributes greatly to the total shear, the mechanisms responsible for the vertical structure
and their low-frequency modulations could be different at different stations. As revealed
in chapter 2, the intense low-frequency flows are limited to a region close to the crest of
the EPR. Therefore, the low-frequency flow at W3 is weaker than the flow at W1, and the
mechanism of local generation associated with low-frequency flows may contribute more to
the near-inertial shear at W1 than at W3. This observation suggests that shear and the
associated dissipation of near-inertial oscillations could change dramatically in a very short
distance in the direction across the ridge crest and more intense energy dissipation and
mixing could therefore be limited to a small region close (< 10km ) to the ridge crest.
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Chapter 5
Semidiurnal Tides in the Deep
Ocean near the East Pacific Rise
Abstract
Semidiurnal internal tides in the deep ocean near a segment of the East Pacific Rise between
9◦ and 10◦N are examined using observations from a set of current meter moorings. The
semidiurnal internal tides show significant spatial and temporal variations. Directly over the
ridge crest, the semidiurnal internal tides are dominated by the zonal component and are
coherent along the entire ridge segment. In the direction across the ridge crest, the semidi-
urnal internal tides are not clearly coherent and their magnitudes decrease with increasing
distance from the ridge crest. Vertically, the semidiurnal internal tides are coherent in the
few hundred meters near the sea-floor, except for the frictional bottom boundary layer.
The semidiurnal internal tides at all stations reveal significant temporal variability in both
kinetic energy and vertical shear. By comparing the temporal modulations with regional
background forcing, it is revealed that the temporal modulation of semidiurnal internal
tides is mainly controlled by the spring-neap tidal cycle. Additionally, low-frequency flows,
including mesoscale eddies, also play a role in modulating the semidiurnal internal tides,
especially at the axial stations. By examining the relationship between the tidal ellipses and
the strike of the ridge crest, it is concluded that the semidiurnal internal tides directly over
the ridge crest are dominated by locally generated internal tides. The findings underscore
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the importance of accurately representing topography in ocean general circulation models
and the fact that the impacts of low-frequency flows, including mesoscale eddies, should be
taken into account when simulating internal tides as well as for understanding tide-induced
ocean mixing.
5.1 Introduction
Tides are ubiquitous in the World Ocean and are one of the dominant energy sources for
deep ocean mixing (e.g. Munk and Wunsch, 1998). Over the past few decades, a variety
of studies have been carried out to better understand the energy pathways from large-scale
barotropic tides to micro-scale mixing in the ocean. In the stratified ocean, when barotropic
tides flow over abrupt/rough topography, internal tides are generated (e.g. Bell, 1975b;
Baines, 1982; Holloway and Merrifield, 1999; St Laurent and Garrett, 2002). Through the
generation process, energy is transferred from barotropic tides to internal tides. Part of
the generated internal tides is dissipated locally, and the rest, mainly the part associated
with internal tides of low-vertical modes, propagates into the ocean interior (e.g. Ray and
Mitchum, 1997; Egbert and Ray, 2000; St Laurent and Garrett, 2002; Rainville and Pinkel,
2006). Eventually, the radiated internal tides will dissipate and supply energy to turbulence
and mixing through a variety of mechanisms, such as nonlinear wave-wave interaction (e.g.
Egbert and Ray, 2000; Lien and Gregg, 2001; St Laurent and Garrett, 2002; Nash et al.,
2004; Klymak et al., 2006).
Although substantial progress has been made in understanding the life cycle of tides,
there are still many open questions. One of them is how internal tides are affected by
background flows, such as mesoscale eddies. Mesoscale eddies are pervasive in the ocean
and dominate the ocean kinetic energy in the subinertial frequency band (e.g. Ferrari and
Wunsch, 2009). Due to their import role in dispersing heat, salt and chemicals, mesoscale
eddies have been intensively studied (e.g. Chelton et al., 2011b). However, the influence of
mesoscale eddies on internal tides has not received much attention until recently.
It has recently been suggested that mesoscale eddies can modulate the generation of
internal tides, or in other words, the energy conversion from barotropic to internal tides.
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Based on mooring data obtained on the Kaena Ridge during the HOME (Hawaii Ocean
Mixing Experiment) project, Zilberman et al. (2011) calculated the energy conversion rate
from barotropic to internal tides near the ridge crest. The results reveal a variation by a
factor of two during the whole observational period (six months). Zilberman et al. (2011)
attributed the variation of conversion rate to changes in the phase of the perturbation
pressure (wave-induced pressure anomaly), which is due to the eddy-induced changes in both
stratification and cross-ridge current speed. Over the ridge crest of the East Pacific Rise
(EPR), which is a likely generation site of internal tides, chapter 3 shows good correlations
between the low-frequency modulation of semidiurnal tidal kinetic energy and subinertial
flows, including mesoscale eddies. It is proposed that the low-frequency modulation of tidal
KE is due to the eddy-induced change of the energy conversion rate from barotropic to
internal tides (Chapter 3).
Studies have also been conducted to investigate the influence of mesoscale eddies on the
propagating internal tides and different mechanisms have been suggested (e.g. Park and
Watts, 2005; Rainville and Pinkel, 2006; Chavanne et al., 2010a,b). First of all, internal
tides can be affected by refraction due to the inhomogeneous stratification associated with
mesoscale eddies. Second, Doppler shifting of internal tides due to the mesoscale eddies
can lead to energy transfer between mesoscale currents and internal tides. Third, mesoscale
eddies can modulate the vertical wavenumber of internal tides, causing increased shear
and dissipation. By affecting the propagation of internal tides, mesoscale eddies can then
modulate the tide-induced ocean mixing.
The sea-surface height variability in the eastern tropical Pacific is dominated by subin-
ertial features (Chapter 2). Previous studies have related these sea-surface signals between
9◦N and 10◦N to westward-propagating mesoscale eddies that are generated near the west-
ern coast of Mexico (e.g. Willett et al., 2006). When these mesoscale eddies encounter the
EPR, they can drive strong low-frequency flows in the deep ocean over the crest of the
EPR (Chapter 2). Furthermore, chapter 3 shows that these low-frequency flows, which
are at least partially associated with westward-propagating mesoscale eddies, can modu-
late the internal waves in the deep ocean, particularly in the near-inertial and semidiurnal
frequency bands. However, chapter 3 mainly focuses on the impacts of mesoscale eddies
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Figure 5.1: Topography of the EPR segment between 9◦N and 10◦N. Locations of current
meter moorings are labeled with circles. Names of stations are marked inside the circles.
The red star in the inset shows the location of the study region.
on near-inertial oscillations and ocean mixing, the modulations of internal tides and their
relationship with the background mesoscale currents have not been examined in detail.
In this chapter, observations from a set of moored current meters deployed close to the
crest of the EPR segment between 9◦ and 10◦N are analyzed with a focus on the semidiurnal
frequency band (section 5.2). Temporal and spatial pattens of semidiurnal velocity, kinetic
energy and shear in the deep ocean near the ridge crest of the EPR are presented in section
5.3. Implications of the observations for the generation, propagation and dissipation of
internal tides in the deep ocean near mid-ocean ridges are discussed in section 5.4.
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5.2 Data and Methods
5.2.1 Data
This chapter is also based on the data obtained during the LADDER (LArval Dispersal
along the Deep East-pacific Rise) project. Between October 2006 and November 2007, five
current-meter moorings, consisting of two flank moorings (EF and WF) and three axial
moorings (NA, CA and SA), were deployed near the crest of EPR between 9◦ and 10◦N
(Fig. 5.1). Each mooring was equipped with three Aanderaa RCM-11 current meters record-
ing velocities between 2450 m and the sea-bottom with a sample interval of 20 minutes.
Good quality data were acquired with most current meters for the entire period except for
a broken instrument at flank station EF. For additional information on the observations,
refer to Thurnherr et al. (2011).
Chapter 3 shows low-frequency modulations of near-inertial and semidiurnal KE in the
deep ocean over the crest of the EPR based on the same data set. The temporal modulation
of the semidiurnal tides at CA and its relationship with the subinertial flows revealed in
chapter 3 are shown in Fig. 5.2. It is clear that the temporal modulation of semidiurnal KE
is highly correlated with the subinertial KE. However, similar to the relationship between
near-inertial KE and subinertial KE (Chapter 3) there is not a one-to-one correspondence
between subinertial KE and the modulation of semidiurnal KE. This suggests that the
effects of low-frequency flows on semidiurnal tides may not only depend on the intensity
of low-frequency flows but also on other factors, such as the topography, as well as other
motions.
5.2.2 Methods
Tidal flows can be divided into barotropic and internal (baroclinic) components. Inter-
nal tides are generally believed to play an essential role in sustaining deep ocean mixing
(e.g. Munk and Wunsch, 1998). Over the EPR, the temporal modulation of total semid-
iurnal tides has been revealed through wavelet analysis (Fig. 5.2). In order to examine
the temporal and spatial characteristics of the internal tides, procedures are required to







































































Figure 5.2: Subinertial modulation of semidiurnal KE with background currents revealed
by wavelet analysis based on the velocity obtained from the current meter at 2450 m at
CA. The top panel shows the kinetic energy associated with subinertial flows; the middle
panel shows the temporal modulation of semidiurnal KE estimated with wavelet analysis;
the lower panel shows the wavelet power spectra of the total kinetic energy at 2450 m at
CA.
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total semidiurnal velocities were first calculated by band-pass filtering the velocity data
recorded by the current meters. Second, the barotropic semidiurnal tides were estimated
using the OSU tidal prediction software (Egbert and Erofeeva, 2002). Third, after subtract-
ing the predicted barotropic signals from the total semidiurnal velocities, the residuals are
considered to be the semidiurnal internal tides.
To determine the frequency band for band-pass filtering the velocity data, both spectral
and harmonic (t-tide package developed by Pawlowicz et al. (2002)) analyses were applied.
The spectral analysis reveals that the tidal currents are dominated by the semidiurnal tidal
constituents M2, S2 and N2 (Fig. 5.3) and the diurnal constituents O1 and K1. The harmonic
analysis yields a consistent result. The velocity data obtained from all current meters were
therefore band-pass filtered using a fourth order Butterworth filter with cutoff frequencies
1.8 and 2.2 cpd (cycles per day).
Vertically averaged values of full-water column measurements are barotropic signals.
Unfortunately, our mooring observations cover only the bottom few hundred meters of the
water column and cannot be used to calculate the barotropic signals directly. The OSU tidal
prediction software (OTPS) was therefore used to calculate the barotropic semidiurnal tides
at the different mooring stations near the EPR. Since only semidiurnal tides are investigated,
the tidal constituents that are used in the prediction are M2, S2 and N2.
Direct comparison between the predicted barotropic semidiurnal tides and the band-
pass filtered semidiurnal tides obtained from the current meters clearly shows the high
model skill of the OTPS (Fig. 5.4). The differences between the predicted tides and the
observed tides are considered to be the internal tides. One thing to be noted is that both
the predicted and observed tides show dominance of the zonal component. More attention
is therefore paid to the zonal velocity.
Two different methods were used to examine the spatial and temporal characteristics of
the internal tides in the deep ocean near the EPR. In the first method, the model predicted
barotropic tidal velocities are subtracted from the band-pass filtered semidiurnal velocities
obtained from current meters. Then, the kinetic energy associated with the internal tides
are calculated from the residual velocities, which are considered as internal tides. However,
















































Figure 5.3: Rotary spectrum of velocity obtained from the CM at 2450 m at CA for the
deployment period Dec. 2006 to Dec. 2007. The three peaks from left to right are corre-
sponding to the semidiurnal constituents: N2, M2 and S2. The red curve is the clockwise



































Figure 5.4: Comparison of the band-pass filtered semidiurnal velocities (Blue) and model
predicted barotropic tidal velocities (Red) at CA.
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observations, the internal tides calculated in this way include unknown errors, which pos-
sibly contaminate the signals that are the focus of this chapter. In the second method,
the differences between the bandpass-filtered semidiurnal velocities at the top and middle
current meters at each mooring station are calculated. The differences are then divided by
the distance between the top and middle current meters at each mooring station to obtain
the shear of horizontal velocities in the semidiurnal band. Since the shear is entirely due
to the baroclinic components and no model errors affect these results, the temporal and
spatial characteristics revealed in this way are more reliable than those obtained with the
first method. Furthermore, since shear is closely related to ocean mixing, the results from
the second method provide insights into the variation of ocean mixing in the deep ocean
near the EPR as well.
5.3 Results
5.3.1 Data Overview
Time series of total velocities, observed semidiurnal tidal velocities and model-predicted
semidiurnal tidal velocities at 2450 m at CA are shown in Fig. 5.5. Visually, near the
crest of the EPR the zonal velocity associated with semidiurnal tides is fairly strong (upper
panel of Fig. 5.5). The amplitudes of the observed semidiurnal velocities are larger than the
model-predicted barotropic semidiurnal tides. Unlike the zonal velocities, the meridional
component of the deep ocean currents is dominated by subinertial flows and the meridional
velocities of the semidiurnal tides are much weaker than the corresponding zonal velocities.
In other words, the semidiurnal tides in the deep ocean near the EPR mainly flow across
the ridge crest. According to linear theory on the generation of internal waves (e.g. Bell,
1975a,b) and considering the fact that the strike of the EPR is mainly meridional, the zonal
velocity is expected to play an important role in the energy conversion from barotropic to
internal tides. More attention is therefore paid in the following to the zonal than to the
meridional component of the semidiurnal tides.
The spatial and temporal variations of semidiurnal tides as well as the relationships













































Figure 5.5: Comparison of total and semidiurnal tidal currents at CA1. Upper panel shows
zonal components; and lower panel shows meridional components. The total velocities are
shown in blue, the bandpass-filtered semidiurnal velocities red, and the model-predicted
semidiurnal velocities black.
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mesoscale eddies and barotropic tides, are examined as follows. Firstly, the temporal and
spatial characteristics of the band-pass filtered semidiurnal tides (total semidiurnal tides),
which include both barotropic and baroclinic (internal) components, were examined. The
reason that the total semidiurnal tides are presented first is that those signals are more
reliable than either the model-predicted barotropic tides or the internal tides calculated by
combining observations with model-predicted barotropic results.
5.3.2 Total Semidiurnal Tides
Time series of the total semidiurnal velocities from current meters at the same depth of
2450 m at all mooring stations are presented in Fig. 5.6. The amplitudes of the total
semidiurnal tides, especially those of the zonal components, show temporal variations with
timescales around 14 days. In addition to this spring-neap variability, the amplitudes of the
semidiurnal tides also show low-frequency modulation, which appears most pronounced in
the zonal velocities at CA. The nature of this low-frequency modulation will be examined
in detail in section 5.3.7. Spatially, the total semidiurnal tides show distinct patterns in
the directions along and across the ridge crest. Along the ridge crest, the intensity of the
semidiurnal tides at three axial stations is almost the same and the standard deviations of
the zonal velocities at NA, CA and SA are similar (3.37 cm/s, 3.63 cm/s and 3.51 cm/s,
respectively). The temporal modulations of tidal amplitudes at the axial stations are also
coherent (Fig. 5.6). Maximum values of the semidiurnal zonal velocities at the axial stations
are about 8 cm/s, which is comparable to the maximum speed of the subinertial flows in
this region (10 cm/s) and is larger than the near-inertial oscillations (4 cm/s) at the same
stations revealed in previous chapters. In the direction across the ridge axis, the temporal
modulations are also coherent but the amplitudes generally decrease with increasing distance
from the ridge crest. The standard deviations of the zonal semidiurnal velocities at EF, CA
and WF are 2.48 cm/s, 3.63 cm/s and 2.09 cm/s, respectively.
The zonal semidiurnal velocities at different depths obtained from current meters at
all mooring stations are presented in Fig. 5.7. Two observations are noted: 1) At all
stations, the temporal modulations of the semidiurnal tides are vertically coherent. 2) The
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Figure 5.6: Horizontal distribution of band-pass filtered semidiurnal velocities from current
meters at 2450 m. The zonal velocities are shown in blue, meridional velocities in red.
The upper panels show results at stations along the ridge crest, and the lower panels show
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Figure 5.7: Vertical distribution of band-pass filtered semidiurnal velocities (zonal compo-
nent). Velocities from current meters at different depths (from shallow to deep) are shown
in blue, red and green, respectively. The upper panels are from stations along the ridge
crest, and the lower panels are from stations across the ridge crest. The distance between
nearby stations is around 30 km. Since the deepest current meter at EF was broken, only
data from the upper two current meters are shown.
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5.3.3 Barotropic Semidiurnal Tides
The barotropic tides during the observation periods at all mooring stations are predicted
by the OSU tidal prediction software (Egbert and Erofeeva, 2002). The amplitudes of the
barotropic tidal velocities at all stations show temporal variations with a characteristic
timescale of 14 days, which is due to the interferences of different semidiurnal tidal con-
stituents (spring-neap cycle) (Fig. 5.8). Visually, the temporal modulations of barotropic
tidal velocities at all axial and flank stations are almost identical. This observation is con-
sistent with the fact that the wavelength of barotropic tides O(1000 km) is much longer
than the horizontal scale of our observation region O(100 km).
5.3.4 Baroclinic Semidiurnal Tides
Time series of the internal semidiurnal velocities at 2450 m near the EPR are presented
in Fig. 5.9. The amplitudes of internal semidiurnal velocities at all stations, especially
those of the zonal components, show modulations with a characteristics timescale around
14 days, but these modulations are much less regular than those of the total semidiurnal
tides shown in fig. 5.6. Furthermore, it is clear that the modulations of the internal tides
are not constrained to the spring-neap cycle of the barotropic tides. In addition to that, the
semidiurnal tides also show temporal modulations of much lower frequency, which are most
pronounced at the axial stations, particularly CA and SA. For example, the internal tides
are intensified from yearday 210 to 260 at CA and SA and the magnitudes are about twice
of those observed between yeardays 270 and 330. It is hypothesized that this difference is
due to the influence of low-frequency flows, such as mesoscale eddies.
In terms of horizontal patterns, similar to the total semidiurnal tides, the internal tides
show different patterns in the directions along and across the ridge crest. Along the ridge
crest, there is some coherence, especially between CA and SA (Fig. 5.6). Maximum zonal
velocities at the axial stations are about 5 cm/s, which is about half of the total semidiurnal
tides and is comparable to the near-inertial oscillations (4 cm/s) at the same stations. In the
direction across the ridge crest, different from the total semidiurnal tides, neither the phase
nor the amplitude of the modulations appear correlated, although a few coherent pulses can
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Figure 5.8: Horizontal distribution of the semidiurnal barotropic tides at 2450 m at the
mooring stations, as predicted using the OSU tidal prediction software. Zonal velocities
are shown in blue, meridional velocities in red. The upper panels are predictions for the
stations along the ridge crest, and the lower panels are predictions for the stations across
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Figure 5.9: Horizontal distribution of the semidiurnal internal tides at 2450 m. The zonal
velocities are shown in blue, meridional velocities in red. The upper panels are from stations
along the ridge crest, and the lower panels are from stations across the ridge crest. The
distances between nearby stations are around 30 km.
75
the flank stations (EF and WF) are dramatically smaller than those at the axial stations
(CA, NA and SA).
Time series of the zonal velocity of the internal semidiurnal tides at different depths are
presented in Fig. 5.10. Vertically, the modulations of the internal tides at the same station
are coherent, especially in the measurements from the upper two current meters. The
record from the lowest current meter at CA is particularly interesting. It shows a strong
modulation of the internal tides but this modulation is incoherent with the modulation
coherently observed by the upper two current meters at the same station. This could be
due to the fact that the lowest current meter at CA is very close to the sea-floor and strongly
influenced by bottom boundary layer processes. Also, similar to the total semidiurnal tides,
the intensity of the internal tides is decreasing with increasing depth. This pattern is more
pronounced at the axial stations.
5.3.5 Tidal Kinetic Energy
Since internal tides are generally considered a dominant energy source for small-scale turbu-
lence and mixing in the deep ocean, in this section the temporal and spatial characteristics
of the kinetic energy of the internal semidiurnal tides are also examined (Fig. 5.11). Similar
to the horizontal distribution of the internal tidal velocities, the internal tidal KE at the
same depth of 2450 m shows distinct features in the directions along and across the ridge
crest. Along the ridge crest, the modulations of internal tidal KE show coherent patterns at
all axial stations and the amplitudes are comparable. However, in the direction across the
ridge crest the amplitude of internal tidal KE decreases dramatically away from the ridge
crest. In addition to that, at flank stations (WF and EF) which are only 30 km from the
ridge crest the modulation of internal tidal KE is not as significant as those at the axial
stations (CA, NA and SA).
Vertically, the internal tidal KE at different depths again shows similar patterns to those
in the internal tidal velocities (Fig. 5.10). At a given station, the modulations of internal
KE are vertically coherent. This feature is most clearly revealed in the time series at SA.
The amplitude of internal tidal KE decreases with the increasing depth. In other words, our
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Figure 5.10: Vertical distribution of the semidiurnal internal tides (zonal velocities). Cur-
rent meters at different depths (from shallow to deep) are shown in blue, red and green,
respectively. The upper panels are from stations along the ridge crest, and the lower panels
are from stations across the ridge crest. The distances between nearby stations are around
30 km. Since the deepest current meter at EF was broken, only data from the top two
















































































Figure 5.11: Horizontal distribution of the kinetic energy of total and internal semidiurnal
tides at the depth of 2450 m. The total and internal semidiurnal tidal KE are shown in
blue and red, respectively. The y-axis on the left shows values of the total semidiurnal tidal
KE, the y-axis on the right shows values of the internal semidiurnal tidal KE. The upper
panels are from stations along the ridge crest, and the lower panels are from stations across
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Figure 5.12: Vertical distribution of the semidiurnal internal tidal KE. Results from cur-
rent meters at different depths (from shallow to deep) are shown in blue, red and green,
respectively. The upper panels are from stations along the ridge crest, and the lower panels
are from stations across the ridge crest. The distances between nearby stations are around
30 km. Since the deepest current meter at EF was broken, only data from the top two
current meters are shown.
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from the subinertial oscillations revealed in chapter 2, which are bottom intensified.
5.3.6 Shear




), where N and S denote buoyancy frequency and vertical shear of horizontal
velocity, respectively. However, measurements used in this chapter have no stratification
data accompanying the velocity from the current meters. Therefore, only the modulation
of vertical shear was examined. The time series of shear can still provide useful information
on the stability of the water column as well as on ocean mixing. Also, since the tidal shear
signals are due to internal tides, the temporal modulation of tidal shear provides a more
reliable way to examine the temporal and spatial variation of the internal tides.
Time series of the vertical shear of zonal and meridional velocities in the semidiurnal
band at all stations are shown in Fig. 5.13. Different from the velocities presented above,
where the zonal components are significantly larger than the meridional components, here
the modulations of shear show comparable amplitudes for the zonal and meridional com-
ponents. This observation holds for all stations except SA. Except for this special feature,
the horizontal distribution of shear in the semidiurnal band shows similar patterns as the
internal KE and internal tidal velocities presented above, that 1) the modulations of shear
at axial stations are partially coherent, especially the zonal components; 2) in the direction
across the ridge crest, there is no apparent coherence and the amplitude of the tidal shear
decreases away from the ridge crest.
5.3.7 Relationships with Background Parameters
Chapter 3 shows that both near-inertial oscillations and semidiurnal tides in the deep ocean
over the EPR are modulated by low-frequency flows, including mesoscale eddies. In this
section, the relationships between the temporal modulation of the internal tides and several
potential influencing factors, such as low-frequency flows, barotropic tides and topography,
are investigated.
First of all, the measurements from the axial stations are examined. Time series of
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Figure 5.13: Horizontal distribution of vertical shear of horizontal velocity from the upper
two current meters at each mooring. The zonal and meridional components are marked in
blue and red, respectively. The upper panels are from stations along the ridge crest, and
the lower panels are from stations across the ridge crest. The distances between nearby


















































































Figure 5.14: Relationships of the internal semidiurnal tides with the barotropic tides and
subinertial flows at CA. The six panels (top to bottom) are internal semidiurnal KE, shear of
the zonal semidiurnal velocities, zonal velocities of the predicted barotropic tides, subinertial
KE, zonal and meridional velocities of the subinertial flows.
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(Fig. 5.14). This is clearly revealed from the correlations between the pulses in the two
time series. For example, most pulses in the time series of shear have corresponding pulses
in the internal tidal KE. This suggests that increased internal tidal KE may be associated
with stronger shears as well as with more instability events. When the modulations of
internal tidal KE and shear are compared to the predicted barotropic tides, it becomes
clear that most of the pulses of internal semidiurnal KE and shear occur during maxima
of the barotropic tides. This observation implies that the pulses of internal tides and
shear are related to the modulation of barotropic tides and this is consistent with the
traditional understanding that the barotropic tides are the energy source for the internal
tides. However, when comparing the modulations of internal tidal KE and shear with the
barotropic tides more carefully, it is easy to find that although most pulses of internal KE
and shear can be attributed to barotropic tides, the magnitude of the internal tidal pulses is
not proportional to the barotropic tides. For example, although the barotropic tides during
yeardays 210-250 are comparable to those during yeardays 260-300, the pulses of internal
tidal KE and shear in the former period are much stronger than those in the latter period.
This indicates that there are other factors besides barotropic tides affecting the modulations
of internal tides.
What are those factors? As revealed in the wavelet analysis carried out in chapter 3,
subinertial flows are a likely candidate. Comparison of the temporal modulations of the
internal tides and shear with the subinertial KE shows that most of the large pulses in
tidal KE and shear are associated with pulses in the subinertial KE, such as the pulses
near yeardays -30, 30, 70, 160, 170, 210 and 230 (Fig. 5.14). Also, similar to the patterns
of the near-inertial oscillations revealed in chapter 3, the largest peaks in the subinertial
flows are not necessarily associated with the strongest internal tides. For example, the
two largest pulses in subinertial KE appear around yeardays 150 and 210, and they are
significantly larger than the nearby pulses around yeardays 170 and 230. However, for the
corresponding internal tidal shear, the latter are larger than the former. By checking the
zonal and meridional components of the subinertial flows, it seems that the peaks of the
internal tides appear to be more sensitive to the zonal than to the meridional components
of the subinertial flows. Since the strike of the EPR in the observed region is mainly
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meridional, the higher correlation between the peaks of internal tidal KE and the zonal
component of the low-frequency flows is consistent with the conclusion of a recent study
focusing on the effects of mesoscale eddies on the energy conversion from barotropic to
internal tides near the Kaena Ridge (Zilberman et al., 2011), namely, that the cross-ridge
speed associated with mesoscale eddies may result in phase changes of perturbation pressure,
and as a consequence, that the energy conversion rate from barotropic to internal tides as
well as the intensity of internal tides will be modified.
Although the relationships among the internal tides, the barotropic tides and the subin-
ertial flows are relatively clear at CA, they are not so clear at the flank stations, which
are only about 30 km away from the ridge crest (Figs. 5.15 and 5.16). While subinertial
temporal modulations are still present in the internal tidal KE and shear at the flank sta-
tions, there are no apparent correlations between the pulses of internal and barotropic tides.
Additionally, the low-frequency modulations of internal tidal KE and shear do not co-vary
with the local subinertial flows. In addition to that, it was expected that the local tempo-
ral modulations at WF and EF are closely related to the variability over the ridge crest.
However, comparing the local modulations of the internal tides at WF to the internal tides
as well as to the subinertial flows at CA reveals no clear relationships. This implies that
the internal tides generated over the ridge crest have no strong influence on stations only
O(10) km away from the generation sites. Although there may be strong signals in radiating
beams of the internal tides, none of the moored instruments was apparently placed in a tidal
beam and such signals can, therefore, not be examined in this chapter. This observation is
NOT consistent with the understanding that internal tides radiate away mainly in very low
modes (e.g. St Laurent and Garrett, 2002). Otherwise, the measurements at flank stations
would show the influence of the low-mode internal tides clearly.
Another interesting observation that needs to be addressed is the difference in the tidal
KE between flank stations WF and EF. Although the distances of those two stations to
the ridge crest are almost the same (30 km), the internal tidal KE at 2450 m is much
larger at WF than at EF. Considering the symmetry of the bathymetry near the ridge crest
and the similarity of barotropic forcing in this whole region, this difference is likely due to
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Figure 5.15: Relationships of the internal semidiurnal tides with the barotropic tides and
subinertial flows at EF. The upper six panels (top to bottom) are semidiurnal internal KE,
shear of the zonal semidiurnal velocities, zonal velocities of the predicted barotropic tides,
subinertial KE, zonal and meridional velocities of the subinertial flows at EF. The bottom
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Figure 5.16: Relationships of the internal semidiurnal tides with the barotropic tides and
subinertial flows at WF. The upper six panels (top to bottom) are semidiurnal internal KE,
shear of the zonal semidiurnal velocities, zonal velocities of the predicted barotropic tides,
subinertial KE, zonal and meridional velocities of the subinertial flows at WF. The bottom
panel shows the subinertial KE at CA.
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which are located (≈ 50 km) north of the WF mooring.
Previous studies indicate that topography plays an important role in the energy con-
version from barotropic to internal tides (e.g. Bell, 1975a,b; Baines, 1982; St Laurent and
Garrett, 2002). Here the relationship between bathymetry and internal tides is also in-
vestigated (Fig.5.17). Although the barotropic tides at all observed stations are similar,
the internal tides show significant differences in both intensity and orientation of the tidal
ellipses. Over the ridge crest, the internal tides mainly flow in the cross-axial direction
(Fig.5.17). This is consistent with the expected properties of locally generated internal
tides, since internal tides are generated when barotropic tides flow over abrupt topography.
For the flank stations, the internal tides not only show different patterns to the internal
tides over the ridge crest but display dramatic differences between themselves. For example,
at WF the direction of the semimajor axis of the internal tidal ellipse is nearly the same as
the one of the barotropic tides, but at EF the semimajor axis of the internal tides is almost
in the same direction as the strike of the EPR. This observation suggests again that the
measured internal tides at the flank stations are not significantly affected by the internal
tides generated at the ridge crest.
5.4 Discussion
The observation that the semimajor axis of the internal tidal ellipses at CA is perpendicular
to the strike of the EPR suggests that the internal tides at the axial stations are most
likely dominated by local generation, which is the consequence of ridge-crossing barotropic
tides flowing over abrupt topography (Fig. 5.17). Furthermore, the association of large
pulses of internal tidal KE and shear with pulses of zonal low-frequency flow revealed in
Fig. 5.14 suggests that, besides barotropic tides, subinertial flows also contribute to the
generation/modulation of the internal tides over the ridge crest. According to a recent
study focusing on the energy conversion from barotropic to internal tides (Zilberman et al.,
2011), cross-ridge low-frequency flows can modulate the phase of the perturbation pressure,
which induces variations of the energy conversion rate as well as modulations of internal tidal
























































































































































Figure 5.17: Relationships of the barotropic and internal semidiurnal tidal currents with
the strike of the ridge crest. The barotropic tidal currents are marked in blue, and the
internal tidal currents in red. The thick grey lines show the strike of the ridge crest at CA.
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et al. (2011) also mentioned that, in addition to the flows themselves, the stratification
variation associated with low-frequency flows can also affect the conversion from barotropic
to internal tides.
Previous studies suggest that, after being generated, part of the internal tides, mainly
the high-mode components, will be dissipated locally and the remaining energy, which is
mainly associated with low-modes, will be radiated away (e.g. St Laurent and Garrett,
2002). Stations close to the generation site are therefore expected to show signals of the
radiated internal waves. However, comparing the temporal modulations of the internal tides
at the same depth but at different stations (CA, WF and EF) yields no clear connections
among them in either amplitude or phase (Fig. 5.6). Additionally, the semimajor axes of
the tidal ellipses are significantly different for the internal tides at flank and axial stations
(Fig. 5.17). A possible explanation is that, close to the ridge crest, the generated internal
tides are not dominated by low-mode components. Actually, a recent numerical study
(Lavelle, 2012) focusing on the ocean dynamics over an EPR-like ridge shows that the
generated internal tides will radiate away as tidal beams. At the depth of the generation
site only regions very close (< 10 km) to the ridge crest can be affected by the radiated
internal tides (Fig. 5.18).
The dissipation of the internal tides is closely related to the vertical shear of the hori-
zontal velocities. The variation of shear therefore suggests a variation of energy dissipation
as well as of turbulence and mixing. In the observations, since the modulation of shear
over the ridge crest is closely related to the barotropic tides as well as to background low-
frequency flows, the variations of barotropic tides and low-frequency flows both can result
in temporal variations of the available energy for regional ocean mixing. As revealed in
chapter 2, the low-frequency flows in the deep ocean over the EPR are related to westward-
propagating mesoscale eddies, the intensity and frequency of which can vary with climate
change and climate variability (e.g. Palacios and Bograd, 2005; Meredith and Hogg, 2006;
Böning et al., 2008; Qiu and Chen, 2010; Farneti et al., 2010). As a consequence, the conver-
sion of barotropic to internal tides as well as the energy available for small-scale turbulence
and mixing is expected to vary with the changing climate. Therefore, to address important
questions, such as the contribution of internal tides to ocean mixing, long-term changes
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Figure 5.18: A snapshot of the zonal velocity over an axially symmetric EPR-like ridge
from a numerical simulation. From: Lavelle (2012).
of ocean mixing, as well as their influence on the vertical transport of heat, carbon and
nutrients, the influence of low-frequency flows, including mesoscale eddies, must be taken




In this thesis, the influence of mesoscale eddies on a variety of deep ocean dynamical pro-
cesses over the East Pacific Rise near 10◦N was investigated, mainly based on measurements
obtained from a set of moored instruments. In this chapter, conclusions of the central themes
of this thesis are presented first. Then the implications of this thesis for physical oceanog-
raphy, marine biogeochemical dynamics as well as climate research are discussed. At last,
several future research topics arising from this thesis study are proposed.
6.1 Conclusions
The main conclusions of this thesis are preliminary/robust answers to the questions raised
in chapter 1:
• Are there intense subinertial flows in the deep ocean, especially over abrupt
topography like mid-ocean ridges?
The observations presented in chapter 2 show that there are intense subinertial flows
in the deep ocean over the crest of the EPR, but the horizontal extent of these flows
is limited (Chapter 2). For instance, the subinertial flows directly over the crest
of the EPR are fairly strong with maximun speeds around 10 cm/s. However, the
subinertial flows at flank stations, which are only ≈ 30 km away from the ridge crest,
are dramatically weaker than those over the ridge crest.
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• If so, what is the relationship between the subinertial flows in the deep
ocean and the mesoscale eddies revealed in SSHA data?
Comparison of the subinertial flows in the deep ocean obtained from current meters
with the surface geostrophic flows, which are dominated by westward-propagating
mesoscale eddies, suggests a close relationship between them (Chapter 2). It is con-
cluded that the subinertial velocity field near the EPR crest is a superposition of
velocities associated with eddies propagating westward across the ridge and “topo-
graphic flows”, such as trapped waves and boundary currents.
• Can other motions except barotropic tides, such as the subinertial flows
in the deep ocean, also generate internal waves and contribute to the deep
ocean mixing? In other words, can subinertial flows transfer energy to
small-scale processes by generating internal waves?
Observations presented in chapter 3 suggest that, near the EPR, subinertial flows
can modulate the regional internal wave field, particularly near-inertial oscillations
and internal tides. It is evident that, in addition to tides, subinertial flows in the
deep ocean can also generate internal waves (near-inertial oscillations), at least in the
region very close to the ridge crest. Though this mechanism energy is transferred
from mesoscale to small-scale processes, which feeds turbulence and mixing in the
deep ocean.
• Besides generating internal waves, can subinertial flows in the deep ocean
affect internal waves in other ways? Are mechanisms the same for internal
tides and near-inertial oscillations?
In addition to generating near-inertial oscillations, subinertial flows can also modulate
internal tides (Chapter 5). Besides the previously reported impacts on the propaga-
tion of internal tides, it is highly likely that the generation of internal tides and the
conversion from barotropic to internal tides are also affected by subinertial flows. The
observations presented in chapter 5 are consistent with this explanation. It seems
that subinertial flows affect the near-inertial oscillations and internal tides in different
ways.
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• Is there temporal variation of ocean mixing in the deep ocean? If so, what
is the relationship between the temporal variation of deep ocean mixing
and the subinertial flows or mesoscale eddies?
Subinertial variation of deep ocean mixing is revealed in our measurements (Chapter
3) and it is highly correlated with the subinertial flows, including mesoscale eddies. A
highly possible explanation is as follows: Since the subinertial flows in the deep ocean
can modulate both internal tides and near-inertial oscillations, both of which can
transfer energy to small-scale processes, the available energy sustaining deep ocean
mixing varies with the subinertial flows. As a consequence, deep ocean mixing over
the EPR shows significant variation on subinertial time scales.
• Additional observations:
Besides answering the questions raised in chapter 1, two other interesting observations
are revealed. One is the impact of topography on the eddy-modulation of near-inertial
oscillations. It is clear that small-scale topographic features perpendicular to the axis
of the ridge crest play a more important role in generating near-inertial oscillations
than the large-scale topographic features in the direction across the ridge crest in the
study region (Chapter 3). The second one is the dramatic differences between the axial
and flank stations, particularly considering that the flanks stations are only ≈ 30 km
away from the ridge crest (Chapters 2, 4 and 5). The dynamical processes examined in
this thesis, such as subinertial flows, near-inertial oscillations, internal tides and even
the relationships among the different processes show differences between the flank and
axial stations.
In short, this thesis tells the following story: Many mesoscale eddies are generated near
the western coast of Mexico. After generation, those eddies propagate westward. When
encountering the EPR, they drive intense subinertial flows near the ridge crest. These
subinertial flows modulate the regional internal wave field, particularly the near-inertial
oscillations and internal tides. By modulating the internal waves, mesoscale eddies also
generate subinertial variability of turbulence and ocean mixing. This is what the author
calls “eddy-modulated ocean mixing”.
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6.2 Implications
The observations presented in this thesis contribute to the primary objective of the LAD-
DER project, which is to investigate oceanographic and topographic influences on larval
retention and dispersal in hydrothermal vent communities along the crests of the global
mid-ocean ridge system (e.g. Mullineaux et al., 2008; McGillicuddy et al., 2010; Thurnherr
et al., 2011). Previous studies in the context of LADDER have revealed long-term mean
westward flow across the EPR crest consistent with basin-scale Helium observation in the
tropical Pacific (Thurnherr et al., 2011), as well as flank currents that are flowing in the
opposite directions on the two sides of the ridge crest (e.g. McGillicuddy et al., 2010; Thurn-
herr et al., 2011; Lavelle, 2012). McGillicuddy et al. (2010) show that the flank currents play
an essential role in transporting the larvae of hydrothermally supported species. This thesis
adds two important points to the previous findings: the importance of subinertial flows
and eddy-modulated mixing. The subinertial flows over the ridge crest are so intense that
in only one period they can transport larvea for a distance around 300 km (Adams et al.,
2011). That means in addition to the long-term mean flank currents, subinertial flows over
the ridge crest are also important for the transport and retention of hydrothermal vent com-
munity. Since eddy-modulated mixing probably occurs near the crests of mid-ocean ridges
elsewhere, it may play a role in the initial dispersal of materials released at hydrothermal
sources including the larvea of chemosynthetic organisms.
This thesis also provides insights into a better understanding of the ocean energy bud-
get and ocean mixing. First of all, to the author’s knowledge, this thesis shows the first
observational evidence for the generation of near-inertial oscillations as subinertial currents
flow over rough topography. Through this generation process, energy is transferred from
subinertial flows, including mesoscale eddies, to small-scale processes. In other words, a
forward energy cascade from mesoscale to small-scale processes is revealed in this thesis.
Secondly, in previous studies, low-frequency modulations of near-inertial KE have mainly
been attributed to variations in surface winds (e.g. Alford and Whitmont, 2007). The ob-
servations presented in this thesis suggest that, in addition to winds, mesoscale eddies can
also contribute to the observed subinertial modulations of near-inertial oscillations in the
deep ocean. Thirdly, topography has been suggested to play an essential role in the energy
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dissipation of tides (St Laurent and Garrett, 2002) and mesoscale eddies (Nikurashin and
Ferrari, 2010b). A recent numerical study simulating the energy dissipation of mesoscale
eddies over rough and flat topography indicates that in the absence of roughness, ocean
mixing forced by mesoscale eddies can be significantly reduced (Nikurashin et al., 2012).
In addition to confirm the importance of topography in the energy dissipation of mesoscale
eddies, the somewhat unexpected observation presented in chapter 3, that the intensity of
near-inertial oscillations depends on the relationship between the direction of subinertial
flows and the orientation of the ridge crest, points to the importance of accurately repre-
senting topography in numerical models. Fourthly, subgrid parameterization models have
been under development. However, at this stage, only the effects of tides and topographic
roughness have been considered (e.g. Jayne and St Laurent, 2001; Jayne et al., 2004). This
thesis reveals the significant influence of mesoscale eddies on the deep ocean dynamical
processes, including near-inertial oscillations, internal tides, as well as ocean mixing. This
implies that, in addition to tides, the effects of mesoscale eddies on deep ocean mixing
should also be taken into account in developing new subgrid parameterization models.
This thesis contributes to the study of ocean biogeochemical dynamics. There have
been a variety of studies focusing on the role of mesoscale eddies on biogeochemical dy-
namics (e.g. Falkowski et al., 1991; McGillicuddy et al., 1998; Oschlies and Garçon, 1998;
McGillicuddy et al., 2007). However, most of these studies consider the effects of mesoscale
eddies on the vertical transport of nutrients in terms of upwelling (e.g. McGillicuddy et al.,
2007). Until recently, there have been few studies focusing on the effects of mesoscale
eddies on the horizontal transport of nutrients in terms of advection (e.g. Chelton et al.,
2011a; Gruber et al., 2011). The role of eddies in the context of ocean mixing has not
received much attention. On the other hand, considering that the topography of the EPR
is not particularly rough (e.g. Jayne and St Laurent, 2001), ocean mixing with and without
mesoscale eddies can still be dramatically different. In other regions with much rougher
topography, such as Drake passage, could eddy-modulated mixing be even more important?
Furthermore, eddy-modulated mixing can introduce low-frequency signals into the vertical
transport of nutrients. It is therefore possible that eddy-modulated mixing can cause subin-
ertial variability in biogeochemical processes, such as the vertical transport of DIC and the
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DIC concentration in the upper ocean.
By affecting physical and biogeochemical processes in the deep ocean, the influence of
mesoscale eddies can potentially extend into climate change and climate variability. In
recent years, there have been many studies on the response of mesoscale eddies to changing
climate. Observational and numerical results suggest that the intensity and frequency of
mesoscale eddies vary with climate change and climate variability (e.g. Palacios and Bograd,
2005; Meredith and Hogg, 2006; Böning et al., 2008; Qiu and Chen, 2010; Farneti et al.,
2010). Since eddy-modulated mixing connects surface signals to the deep ocean physical
and biogeochemical dynamics at a fast pace, it could be an efficient way to pass the signals
of climate change and climate variability into the deep ocean. On the other hand, because
deep ocean mixing, which can be modulated by mesoscale eddies, can affect the vertical
transport of carbon and nutrients, the concentration of carbon as well as nutrients in the
upper ocean may also be affected by changes of the intensity and frequency of mesoscale
eddies. As a consequence, the air-sea exchange of CO2 could vary accordingly. That implies
that eddy-modulated internal waves and mixing revealed could be a possible feedback of
the climate system. This deserves further investigation.
6.3 Future Work
This thesis raises several potential research topics that shall be investigated in the future.
First of all, do the connections between mesoscale eddies and internal waves as well as ocean
mixing revealed in this thesis exist in other parts of the World Ocean, particularly in the
Southern Ocean? The Southern Ocean is an important region in the climate system (e.g.
Watson and Naveira Garabato, 2006; Marshall and Speer, 2012). However, due to the lack
of direct observations, our understanding of mixing in the Southern Ocean and elsewhere is
limited. Several indirect studies based on finescale parameterization models reveal diapycnal
mixing “hot spots” in the Southern Ocean (Naveira-Garabato et al., 2004), but the mech-
anisms that are responsible for those “hot spots” are far from clear. Different dynamical
processes, including internal tides, wind-driven near-inertial oscillations and internal waves
generated as mesoscale flows impinging upon bottom topography, have been proposed. Can
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measurements in the Southern Ocean really differentiate between those mechanisms? If
so, which one dominates? In particular, do mesoscale eddies in the Southern Ocean in-
deed generate internal waves and supply energy to mixing? Furthermore, previous studies
and the observations presented in this thesis imply that, in addition to generating internal
waves, mesoscale eddies can also modulate internal tides by either varying the conversion
from barotropic to internal tides (Zilberman et al., 2011) or affecting their propagation(e.g.
Rainville and Pinkel, 2006). Is the situation in the Southern Ocean similar? The above
questions need to be answered before achieving better representations of mixing in numerical
climate models and making reliable climatic predictions.
The potential influence of other large- and mesoscale processes on internal waves and
mixing is another interesting topic. For example, observational and numerical studies have
revealed strong Topographic-Rossby-Waves (TRW) propagating along many continental
shelves and slopes (e.g. Brink, 1991). Examination of bathymetry data reveals small-scale
topographic features on some of those continental slopes. According to linear lee wave
generation theory (e.g. Gill, 1982), these regions are therefore potentially favorable for
internal wave generation. This suggests that energy transfer from large- or mesoscale to
small-scale processes could be occurring in those regions. If the possible connection between
mesoscale eddies and TRWs propagating along the continental slopes on western sides of
ocean basins (Oey and Lee, 2002) is also taken into account, this proposed energy transfer
could be a possible sink for the energy associated with mesoscale eddies, which itself is an
essential open question in physical oceanography.
In the long term, the implications of eddy-modulated ocean mixing for ocean biogeo-
chemical dynamics and the climate system should also be investigated. Observational and
numerical studies have shown that the intensity and frequency of mesoscale eddies vary with
climate change and climate variability (e.g. Palacios and Bograd, 2005; Meredith and Hogg,
2006; Böning et al., 2008; Qiu and Chen, 2010; Farneti et al., 2010). Since ocean mixing can
affect the vertical transports of heat, salt, carbon and nutrients, the eddy-modulated mix-
ing could therefore provide a connection between climate change/variability and physical
and biogeochemical processes in the deep ocean. As a consequence, in addition to wind-
driven upwelling (e.g. Marshall and Speer, 2012), which has been proposed for many years,
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eddy-modulated mixing implies the possibility of a hitherto unexplored feedback mechanism
potentially affecting the global climate system. A possible approach to investigate this po-
tential climate feedback mechanism is to develop a parameterization scheme, in which deep
ocean mixing will change with the intensity and frequency of mesoscale eddies and then ap-
ply this parameterization method to an eddy-resolving numerical model that includes both
physical and biogeochemical processes. After running the model for a long enough period,
the possible influence of eddy-modulated mixing on the biogeochemistry and climate system
can then be examined by analyzing the model outputs.
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